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I.  The  Refraction  and  Dispersion  of  Fluo7'henzene  and  allied 
Compounds.  By  J.  H.  Gladstone,  Ph.D.,  F.R.S.,  and 
George  Gladstone"^. 

DR.  Sidney  Young  recently  had  the  kindness  to  place 
at  our  disposal  an  interesting  series  of  compounds  for 
optical  examination.  They  were  the  halogen  substitution- 
compounds  of  benzene  described  by  him  (Journ.  Chem.  Soc. 
1880)  ;  substances  that  had  been  prepared  with  great  care, 
and  which  were  redistilled  before  they  were  handed  to  us. 

The  following  were  the   determinations  of  the    principal 
lines  of  the  solar  spectrum  : — 


Temp. 
0. 

Density. 

Eefractive  Index. 

A. 

0. 

D. 

F. 

G. 

K. 

Fluorbeuzeue    ... 
Chlorobenzeno  . . . 
Bromobenzene  ... 
lodobenzene  

o 
22-8 

22-5 

23-5 

222 

10207 
1-1047 
1-4928 
1-8300 

1-4563 
1-5135 
1-5469 
1-6054 

1-4606 
1-5184 
1-6505 
1-6124 

1-4646 
1-5232 
1-5577 
1-6197 

1-4751 
1-5354 
1-5715 
1-6374 

1-4849 
1-5469 
1-5846 
1-6537 

1-4933 
l-557i' 
1-5961 
1-6699 

*  Communicated  by  the  Authors.     The  {greater  part  of  this  paper  was 
communicated  to  the  British  Association,  September  18tK3. 

Phil.  Mag.  S.  5.  Vol.  3i.  No.  188.  Ja>i.  18i)l.  B 


2        Messrs.  J.  H.  &  G.  Grladi^tonc  on  the  Refraction  and 

These  figures  give  the  following  molecular  refraction,  /.  e. 
the  refractive  index  minus  unity,  divided  by  the  density  and 

multiplied  by  the  atomic  weight,  (  — 7""^)'  ^^'^^'^li  is  usually 
indicated  now  by  R: —  ^ 


Formula. 

Ra- 

lV(^. 

Ri). 

Rp. 

Rfi-      Rn-    1 

1 

Fluorbenzene    ... 

CoH.F 

42-92 

43-3y 

43-70 

44-68 

45-61    46-40 ! 

1 

Clilorubciizcnc  ... 

OoH,Cl 

52-29 

.52-79 

53-28 

54-52 

55-69 

56-75' 

Bromubenzcne  ... 

C.H^Br 

57-52 

57-90 

58-65 

60-11 

61-48 

62-69 

lodobeuzene  

OeH,I 

67-49 

68-27 

69-08 

71-05 

72-87 

74-68 

Before  dealing  with  these  observations,  it  may  V)e  well  to 
compare  them  with  figures  obtained  from  totally  different 
specimens  of  bromobenzene  and  iodobenzeue,  which  have  not 
yet  been  published.  The  observations  ou  bromobenzene  were 
part  of  a  series  made  some  years  ago  with  a  view  of  testing 
the  law  that  the  specific  refractive  energy  of  a  liquid  is  very 
little,  if  at  all,  altered  by  chang(;s  of  temperature.  The 
method  adopted  was  that  of  determining  the  refractive  index 
and  density  of  the  same  s})ecimcn  on  a  cold  winter's  day  and 
on  summer  days,  the  liquid  being  carefully  preserved  in  a 
well-stoi)pered  bottle  between  the  observations.  The  iodo- 
benzene  was  a  specimen  prepared  by  Dr.  Perkin. 


'  Temp. 
1       0. 

Density. 

.... 

/'d- 

/<F- 

Mh- 

Bromobenzene  ... 

o 

1-5 

1-51905 

1-5581 



1-6080 



23-3 

1-49225 

1-5476 

1-5586 



1-5971 

„ 

30-0 

1-4833 

1-5442 

1-5926 

loclubcnzcne 

7-0 

l-8.'')37 

1-6129 

1-6275 

i-6450 

1-6777 

These,  reduced  to  the  molecular  refraction,  are  as  follows  : — 


Dispersion  of  Fluorhenzene  and  Allied  Compounds. 


Temp. 
C. 

57-68 
57-02 
57-60 
07-45 

Rp- 

Rh- 

o 
1-5 

23-3 

300 

70 

58-76 
69-06 





70-98 

62-83 
62-81 
62-72 

74-58 

lodobeuzene  

These  figures  are  almost  identical  with  those  determined 
from  Dr.  Yomig's  specimens.  They  not  only  increase  our 
confidence  in  the  accuracy  of  the  data,  but  the  experiment 
with  bromobenzene  shows  that  we  may  practically  disregard 
the  question  of  temperature. 

Adopting  the  data  in  the  first  two  tables,  we  can  estimate 
the  molecular  refraction  of  each  halogen  in  combination  by 
deducting  the  value  for  ( 'eH^.  This  has  been  arrived  at  by 
taking  the  average  refraction  of  several  good  specimens  of 
benzene  for  the  six  lines,  and  by  subtracting  from  them  the 
assumed  value  for  hydrogen. 


Ra- 

Re- 

Rd- 

R,. 

Rg- 

Rjj. 

c„ir,  ... 

H     ... 

...      43-59 
1-30 

4401 
1-31 

44-48 
1-31 

;     45-52 
'       1-32 

46-50 
1-33 

47-39 
1-34 

G,K,    ... 

...      42-29 

42-70 

43-17 

44-20 

45-17 

4605 

Deducting  these  figures  from  the  values  given  in  the  second 
Table,  we  obtain  those  of  fiuorine,  chlorine,  bromine,  -and 
iodine  for  the  several  lines : — 


^h- 

R,. 

Fluorine    

0-63 

0-63 

Chlorine    

10-00 

1009 

Bromine    

15-23 

15-20 

Iodine    

25-20 

25-57 

Rr 


0-53 
1011 
15  48 
25-91 


R 


0-48 
10-32 
15  91 
26-85 


0-44 
10-52 
16-31 


0-35 
10-70 
16-04 


27-70    I    23-63 
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So  far  as  the  well-known  halogens  chlorine,  bromine,  and 
iodine  are  concerned,  these  figures  are  principally  interesting 
as  compared  with  the  values  already  determined  for  them  in 
other  organic  compounds.  From  their  combinations  with  the 
compound  radicals  (C„H2„+i),  the  numbers  given  in  the  first 
division  of  the  following  table  have  been  deduced  ;  but  from 
some  other  organic  compounds,  such  as  chloroform  and  its 
congeners,  olefine  compounds,  &c.,  somewhat  higher  numbers 
have  been  obtained,  as  in  the  second  division  of  the  table*. 
The  third  division  gives  the  figures  ol  tained  from  the  benzene 
compounds.  In  each  case  merely  the  molecular  refraction 
for  the  line  A  is  given,  with  the  molecular  dispersion,  that  is, 
the  difference  between  Rh  and  IIa. 


Compound 
radicals. 

Olefine 
compounds. 

Benzene  Bubsti- 
tution  compounds. 

K- 

^H  ~  -^A. 

^^■ 

R    -Ka. 

Ra-       Rh-Ra- 

Chlorine    

Bromine    

Iodine    

9-9 
15-3 
24-5 

0-45 
103 

2-60 

100 
1.5-2 
25-4 

0-50 
1-22 
3-65 

lOO          U-70 

1 
lJ-2     1      1-41 

25-2          3-43 

It  is  evident  that  the  values  of  these  ordinary  halogens  in 
the  benzene  substitution-products  are  analogous  to  their  values 
in  the  olefine  compounds  nitherthan  the  others.  Tliis  is  more 
signiticant  in  the  dispersion  than  in  the  refraction. 

But  a  greater  interest  attaches  to  the  optical  properties  of 
fluorine.  No  organic  compound  containing  this  element  had 
hitherto  been  examined,  while  it  was  known  that  the  refrac- 
tion of  fluorine  in  its  mineral  compounds  is  extremelv  small. 
A  glance  at  the  sixth  Tal)le  will  show  that  in  the  benzene 
compounds  also  the  effect  of  fluorine  upon  the  light  transmitted 
is  very  little.  But  there  is  another  [)eculiarity.  Whereas 
the  values  of  chlorine,  bromine,  and  iodine  increase  from  A 
to  H,  those  of  fluorine  regularly  decrease  ;  so  that,  in  fact, 
while  the  refraction-ecpiivalcnt  for  A  is  only  0"t)3,  the  disper- 
sion for  ]I— A  is  actually  a  negative  quantity,  —0"2S. 

Lest  this  anomalous  result  might    be  due  to  our  haviu<'- 


*  Thi 
j)L'r,sion 


is  distiiK-lion  is  only  piuliiilh  recoirnizt'd  in  the  paper  ou  "  ])is- 
Equivaleuts ''  iu  I'roj.  Roy.  iSoc.  xiii.  (1887). 
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employed  the  old  formula 


/x-1 


P,  we  have  calculated  it  also 

according   to    Lorenz's   formula   (-ttto)  t5  this  gives  the 

atomic  refraction  of  fluorine  at  0*92  for  the  line  A,  and  0"84 
for  the  line  H,  sliowing  again  a  minus  dispersion. 

Xo  minus  dispersion-equivalent  of  the  kind  has  hitherto 
been  met  with,  unless  it  be  in  some  of  the  thin  metallic  prisms 
examined  by  Kundt,and  more  recently  by  dn  Bois  and  Rubens. 
It  is  true  that  in  iodine  vapour,  as  in  fuchsin  and  a  few  other 
substances,  the  irrationality  of  the  spectrum  is  so  great  that 
the  order  of  certain  parts  is  actually  reversed,  but  there  is  not 
the  regular  ])rogressive  reversion  exhibited  in  the  case  of 
fluorine. 

The  refraction-equivalent  of  fluorine  had  been  already 
determined  by  Mr.  George  Gladstone  at  from  0'29  to  0'32 
from  observations  on  metallic  fluorides,  and  at  from  0'59  to 
0*84:  from  observations  on  fluosilicates.  It  became  of  interest 
to  see  whether  the  same  fluorides  would  indicate  this  reversed 
dispersion. 

Fluor-spar. — Among  the  many  determinations  that  have 
been  made  of  the  refraction  of  fluor-spar  there  are  three  which 
will  answer  our  purpose,  as  they  give  the  index  of  several 
lines.  Not  one  of  them  gives  the  density  of  the  particular 
specimen  ;  but  we  shall  not  be  far  wrong  in  taking  3*18  as 
the  specific  gravity. 

Bailie  (^Annales  du  Conservatoire,  vii.  1867)  gives  the 
refractive  indices  for  the  lithium-hne,  C,  D,  F,  and  a  blue 
copper-line.  From  these  we  may  calculate  the  molecular 
refraction  ;  and  from  the  number  so  obtained,  by  subtracting 
the  values  for  calcium,  we  get  the  presumed  values  for  two 
atoms  of  fluorine  for  different  parts  of  the  spectrum. 


Lithium  red. 

C.                  D. 

F. 

Copper  blue. 

CaF,    

Oa 

10-()1 
1007 

10-61 

10-08 

10-63 
10-15 

10-70 
10-33 

10-77       1 
10-51 

Fa    

•54 

-53 

-48 

•37 

■•n\ 

From  the  figures  given  by  Stefan  {Wiener  Ber.  Ixiii.  1871) 
the  following  may  be  deduced  ; — 
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t   ■             1 
B.             T).      '       F. 

G.             H. 

10  7'.)    1     10-ft4 
l<ir,2        10-65 

CaF,    

Ca 

lOC.O         10  04         10  71' 

lOO.O    1     1015        10  33 

1 

F,     

•.").")             -W)            -S'.t 

•27             10 

Sarasin  {Ar.  Geneve,  x.  1883)  gives  tho  refractive  indices 
of  fluor-spar  from  the  line  A  to  very  far  into  the  ultra-violet. 
In  the  figures  so  given  there  seems  to  be  no  break,  but  a 
regular  progression  quite  comparable  with  that  of  quartz.  It 
is  only  possible  for  us  to  calculate  the  amount  due  to  fluorine 
up  to  the  line  H. 


Ra- 

Ra. 

Rb- 

Re. 

10-Gl 
10-08 

Ro-    !    Rp- 

R*-     Rh- 

CaF,,    

Ca 

10-57 
10-00 

10-59 
10-03 

10-60 
10-05 

10-64    10-72 
10-15,  10-33 

10-82 
10-57 

10-84 
10-65 

Fu     

-57 

-56 

•55 

-53 

-49        -39 

•25 

•19 

All  these  different  calculations  from  the  indices  given  In- 
different observers  show  not  only  the  small  atomic  refraction 
for  fluorine,  but  also  a  regular  decrease  on  proceeding  from 
the  less  refrangible  to  the  more  refrangible  portion  of  the 
sj)ectrum. 

Potassium  Fluoride. — We  have  made  two  observations  on 
aqueous  solutions  of  potassium  fluoride.  They  were  separate 
preparations  of  the  salt. 


Percent. 

Temp. 

d. 

/•a- 

''n- 

Potassium  (liioriclc  

....      39-64 

o 
25 

13-5 

1-413 
l-330<} 

l-3."03 
1-3541 

1-3741 

....     34-24 

1  3692 

These  give  the  following  molecular  retractions,  from  the  nu'an 
of  which  we  have  deducted  the  value  for  |H)tassium  : — 
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Per  cent. 

^A-          1          ^iv         ' 

Potassium  fluoride  

39-64 
34-24 

8-15         :         S-38 

1 
8-42         I         8-70 

8-28 
7-85^ 

8-54 
8-36 

K 

F 

0-43                  0-18         ' 

Ammonium  Fluoride. — The  salt  was  prepared  by  saturating 
ammonia  ■vvith  hydrofluoric  acid  and  gently  evaporating  down 
in  vacuo.  An  aqueous  solution  containing  36'88  per  cent., 
having  a  specific  gravity  of  l'1734at  10°'7C.,gave  indices  for 
A  =  1-3689,  for  F  =  1-3782,  and  for  H  =  1-3853.  The  mole- 
cular refractions  calculated  from  these  are  given  below,  and 
the  value  of  NH.  is  deducted  : — 


Ra-         ' 

i 

E". 

Rh- 

NH,F      

NH, 

10-69 
10-26        1 

10-97 
10-55 

ll-KJ 
10-81 

F      

0-43 

1 

0-42 

0-35 

Ilydrojluoric  Acid. — Notwithstanding  the  difficulty  of  work- 
ing with  hydrofluoric  acid,  we  succeeded  in  obtaining  a  de- 
termination for  the  line  D  in  an  aqueous  solution  of  this 
substance.  The  strength  was  23-2  per  cent. ;  the  s])ecific  gravity 
was  1-101  ;  the  refractive  index  was  1"3155  ;  the  molecular 
refraction  for  D  was  therefore  '2'Q\.  Deducting  1-31  for  the 
hydrogen,  we  obtain  liu=l*33  for  the  fluorine.  This  is  a 
somewhat  larger  figure  than  what  is  given  by  other  com- 
pounds ;  but  that  is  only  in  accordance  with  what  occurs  in 
the  case  of  the  other  halogen  acids,  which  always  give  figures 
in  excess  of  theory.  The  length  of  the  spectrum  was  evidently 
very  small,  but  no  trustworthy  measurements  w^ere  made. 

I lydrojluosilicic  Acid. — Difi'erent  preparations  of  this  acid  in 
aqueous  solution  gave  rather  discordant  results.  But  the  two 
most  trustworthy  o-ave  the  followini; : — 


Refraction  mtd  Dispersion  of  Fluorhenzene. 


Per  cent. 

Temp. 
0. 

Density.  1     M.v     '      Mp-     i     Mu' 

Hydrofluosilioic  acid... 

36-72 
22-8U 

o 
14-3 

11-0 

1-3918 
1-2198 

1-3431     1-3507 
l-a390    l;}472 

1-3568 
1-3536 

The  next  table  gives  the  molecular  refraction  calculated 
from  these  two  sets  of  observations  ;  and  from  the  mean  value 
is  deducted  the  usual  values  for  hydrogen,  and  the  followin<'- 
values  for  silicon,  viz.  Ea=7-07,  Rf  =  7-2G,  and  Rh  =  7'39. 


Per  cent. 

1 

llydrofluosilicic  acid   ... 
»             » 

36-72 
22-80 

15-02     ;       1513            1.5-21 
1505            15-32            15-47 

Mean  value    HaSiFg     

H,Si 

15-03            1.-.-22            15;J4 
9-67              9-90            10-07 

Fe 

5-36             5-32     1        5-27 

which  gives  the  Ra  for  fluorine  =  0*89,  and  a  scarcely  per- 
ceptible negative  dispersion.  It  is  of  course  quite  possible 
that  in  the  case  of  this  acid  also  the  refraction  may  be  raised 
above  the  normal. 

Solid  Fluosilicates. — Messrs.  Topsoe  and  Christiansen  have 
determined  the  refraction  of  a  number  of  crystalline  fluo- 
silicates for  the  lines  C,  D,  and  F.  Unfortunately  only  one 
of  these  belongs  to  the  regular  system  of  crystals,  \\z.  the  fluo- 
silicate  of  ammonium.  The  refraction-equivalents  for  this 
one  are  given  below,  and  from  these  are  deducted  the  values 
for  silicon  and  ammonium. 


Re- 

Rn- 

33-50 
28-36        , 

(NH,),SiF,    

33-14 
27-78 

33-26 
27-93 

(Nir,").,Si       

F 

5-26 

5-33 
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This  gives  Re  tor  fluorine  =  0"88,  and,  again,  a  scarcely 
appreciable  negative  dispersion. 

As  the  six  metallic  fluosilicates  are  all  doubly  refractive, 
and  we  do  not  know  how  to  deal  with  that  phenomenon,  we 
have  not  endeavoured  to  make  any  precise  calculation,  espe- 
cially as  the  dispersion  of  the  metallic  element  in  each  case 
has  not  yet  been  determined.  Mr.  George  Gladstone  has 
already  sliown  that  they  give  a  probable  refraction-equivalent 
for  fluorine  varying  from  0*62  to  0*84;  and  it  is  quite  evident 
that  the  dispersion  is  excessively  small,  even  if  it  be  not  a 
negative  quantity. 

These  results  all  tell  the  same  tal(^  as  fluorbenzene  in  regard 
to  the  optical  properties  of  fluorine.  It  is  true  the  figures  do 
not  appear  very  accordant  ;  but  it  must  be  remembered  that 
all  the  errors  of  experiment  as  well  as  those  arising  from 
impurity  of  substance  fall  upon  these  residual  numbers,  and 
where  the  numbers  are  so  very  small  discrepancies  appear 
important  which  would  otherwise  scarcely  be  noticed.  The 
values  taken  for  the  atomic  refraction  and  dispersion  of  silicon 
and  the  metals  must  be  looked  upon  as  merely  approximate  ; 
but,  whatever  rectifications  may  be  made  in  them  hereafter, 
it  is  hardly  possible  that  they  should  affect  our  general  con- 
clusions, viz.  that  the  atomic  refraction  of  fluorine  in  combi- 
nation is  extremely  small,  in  fact  less  than  1*0,  and  that  it  is 
smaller  for  the  violet  than  for  the  red  end  of  the  spectrum. 


II.    27ie  Cliemical  Equilibrium  of  Solids,  in  its  Relation  to 
Pressure  and  to  Temperature.     By  Carl  Barus*. 

1.  FN  a  recent  number  of  the  '  American  Journal,' f  I  com- 
J-  municated  certain  data  on  the  effect  of  dilatational 
strain  on  the  electric  resistance  of  glass.  These  experiments, 
though  decisive  as  to  results,  were  somewhat  com])lex  in  cha- 
racter ;  and  from  their  important  bearing  on  the  chemical 
equilibrium  of  solids,  I  resolved  to  attack  the  subject  from  a 
new  point  of  view.  The  present  work  is  direct,  and  I  hoped 
that  results  could  thus  be  reached  without  necessitating  auxi- 
liary hypotheses  or  experiments.  In  this  expectation  I  de- 
ceived myself  :  the  insulating  oil,  which  transmits  pressure  to 
glass,  shows  a  pressure-coefticient  usually  much  larger  than 
the  glass  itself.  Both  must  therefore  be  studied.  Nev(M-the- 
less,  the  confirmation  of  my  earlier  results  which  the  present 

*  Communicated  by  the  iVutlior. 

t  Amor.  Journ.  xxxvii.  pp.  o39  to  301  (1889). 
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paper  gives,  is  gratifj'ing.  I  am  thus  able  to  carry  the  de- 
ductions one  step  further.  Again,  the  hehaviour  of  liquid 
hydrocarbon  insulators  under  pressure  presents  many  points 
of  special  interest  in  relation  to  the  formation  and  occurrence 
of  ions. 

As  a  result  of  the  investigation  of  different  oils,  I  have  been 
able  to  increase  the  efficiency  of  my  screw-compressor''^  in 
marked  degree.  By  using  a  sticky  miverdl  machine-oil, 
thick  enough  to  be  almost  opaquely  fluorescent  t,  not  only 
does  the  screw  of  my  apparatus  run  more  easily,  but  leaks  at 
high  pressure  are  practically  absent.  Moreover,  the  gasket 
of  marine  glue  is  not  in  any  measure  dissolved  (this  is  the 
case  with  sperm-oil),  and  it  therefore  lasts  indefinitely. 
Finally,  the  insulation  of  barrel  and  piezometer  is  now  at 
least  as  high  as  10,000  megohms,  and  need  not  be  less  than 
1000  megohms.  This  is  an  important  requisite  in  experi- 
ments like  the  present. 

The  special  work  on  the  effect  of  ])ressure  on  the  electro- 
motive force  of  the  cell  NaHg/glass/Hg  has  intrinsic  interest 
apart  from  its  subsidiary  purpose  as  embodied  in  the  present 
text.  From  experiments  to  bo  published  in  a  Bulletin  of  the 
U.S.  Geological  Survey,  1  infer  that  the  secret  of  the  relation 
of  the  Peltier  contact  to  the  Volta  contact  will  probably  mani- 
fest itself,  if  a  suitable  cell,  suitably  compressed,  be  carried 
through  a  large  range  of  temperature,  quite  into  red  heat. 

I  gain  another  inference  by  comparing  the  present  results 
with  the  data  of  my  last  paper  |,  on  the  effect  of  pressure  on 
the  thermal  relations  of  metallic  and  electrolytic  conducti-vnty. 

Finally,  the  present  work  is  tributary  to  an  extended  series 
of  experiments  on  the  relation  of  melting-point  and  pressure, 
as  will  appear  in  §  0.  Thus  it  forms  an  essential  part  of  the 
work  suggested  by  Mr.  Clarence  King. 

Apparatus. 

2.  Hydrostatic  pressures  as  high  as  1500  atmos])heres  were 
api)lied.  flaving  found  that  within  the  limits  of  the  present 
paper  nothing  essentially  novel  was  gained  by  excessively 
high  values  of  jn-essure,  I  facilitated  my  work  by  avoiding 
them  as  much  as  possible. 

8.  To  obtain  different  constant  teni])eratures,  the  tubes 
were  exposed  successively  to  vapours  issuing  from  water  (100*^), 
turpentine  (lt)0°),  naphthalene  (215^^),  and  diphenylamine 
(;') 1 0°) .    A  serviceable  continuous  vapour-bath  for  this  purjtose 

•  Phil.  Mag.  [5]  xxx.  p.  338  (1890). 

t  Possibly  coiitaininjr  rubber. 
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is  also  described  in  the  paper  last  cited.  I  need  only  add  that  the 
ends  of  the  brazed  copper  bath  are  provided  with  screw  stuffinfr- 
boxes  of  the  ordinary  kind,  in  which  either  asbestos  packing 
or  a  hollow  cyHnder  of  cork  may  be  forced  home  by  the  gland. 
Vapour-baths  must  be  removed  hot.  They  then  slide  off  the 
smooth  steel  piezometer  easily,  and  without  jarring  the 
tube. 

•4.  In  the  compressor,  the  arrangement  adopted  is  that  of 
insulating  the  piezometer-tube  from  the  barrel-  and  com- 
pression-appurtenances. Inasmuch  as  in  some  of  the  experi- 
ments the  resistances  to  be  measured  amount  to  several 
hundred  megohms,  the  piezometer-insulation  must  be  perfect 
to  at  least  several  thousand  megohms.  How  this  was  gradu- 
ally accomplished  will  be  explained  in  §§  IQi  et  seq.  Gutta- 
percha-covered  wire  and  raised  hard-rubber  commutators  are 
essential.  Care  must  be  taken  to  insulate  the  water-jackets 
which  cool  the  ends  of  the  piezometer,  and  to  allow  the  efflux 
water  to  drop  into  a  cistern  discontinuously.  The  burners 
which  heat  the  vapour-bath  must  be  insulated  to  prevent  con- 
duction through  the  flame,  &c.  At  high  temperatures,  where 
the  resistance  of  the  glass  will  have  decreased  several  hundred 
to  one,  many  of  these  precautions  are  superfluous.  They  are 
always  necessary  when  oils  are  examined. 

Fig.  1. — Tube  for  measuring  the  Pressure-increments 
of  tlie  Electiic  Resistance  of  Glass. 

3Cin  ^jcm  35cni 


5.  The  original  apparatus  for  measuring  the  resistance  of 
compressed  glass  is  shown  in  figures  1  and  2,  of  which  tlu- 
latter  is  a  diagram.  Fig.  1  consists  essentially  of  two  coaxial 
glass  tubes,  the  larger  completely  surrounding  the  smaller. 
The  diameter  of  the  larger  (thick-walled)  tube  is  '4  to  •;"> 
centim.  ;  that  of  the  inner  (thin-walled)  tube  is  *2  centim. 
They  are  joined  along  the  ring  n  a.  Two  separate  compart- 
ments are  thus  formed,  the  inner  of  which  is  tilled  with  pure 
mercury,  and  the  outer  with  sodium  amalgam,  to  a  sufhcii>nt 
length  to  completely  envelop  the  inner  tube.  The  end  of 
the  large  tube  contains  hydrocarbon  oil,  both  to  protect  the 
amalgam  against  moisture  or  air,  when  the  tube  is  not  in  place, 
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and  also  to  prevent  the  saponification  of  sperm-oil  and  to 
eliminate  condensable  air,  when  the  tube  is  in  jjlace.  Mer- 
cury and  the  fluid  amalgam  are  to  be  introduced  by  aid  of 
the  air-pump,  care  being  taken  to  boil  out  all  traces  of  air. 
The  mercury  of  the  inner  compartment  is  in  galvanic  con- 
nexion with  the  platinum  wire  /»,  which  in  its  turn  connects 
with  the  piezometer-tube.  Hence  h  need  not  be  insulated. 
The  amalgam  is  pierced  by  the  terminal  c,  completely  insu- 
lat(Ml  from  the  piezometer  by  the  unbroken  length  of  cold  (/lass 
tube  surrounding  the  wire.  To  prevent  the  wire  from  being 
pulled  out  of  place  during  the  adjustments,  c  is  sealed  in  the 
inside  of  the  insulator-tube  as  shown  in  the  figure.  This 
t(u-minal  is  in  galvanic  connexion  with  the  barrel.  It  is  seen 
that  the  tuljc  is  virtually  a  galvanic  cell,  NaHg/glass/Hg,  and 
is  reversible. 

Under  the  influence  of  hydrostatic  pressure,  the  figure  of 
the  glass  tube  is  symmetrically  reduced  in  size.  Hence,  with 
regard  to  the  conduction  taking  place  across  the  walls  of  the 
imier  tube,  the  resistance  would  be  increased,  in  consequence 
of  changes  of  dimensions,  only  by  the  amount  in  which  the 
length  of  tlui  inner  tube  is  diminished.  In  other  words,  if 
r  =  67/27rIiL,  where  s,  /,  II,  L  denote  respectively  specific  re- 
sistance, thickness,  radius,  and  length  of  the  thin  tube,  then 
the  dimensional  effect  of  pressure  is  Sr={s!l/2'n-'Rlj)  x8L/L, 
nearly.  But  all  such  values  (*$L/L  being  less  than  "1  per 
cent,  per  1000  atm.)  are  negligible  in  comparison  with  the 
relatively  large  pressure-coefficients  actually  obtained  {cf. 
Tables  I.  to  VIII.),  and  to  be  interpreted  with  reference  to 
s  —s. 

Fig.  2. — Dicagi-am  of  Tube  in  place. 

V 


Fig.  2  (diagram)  shows  the  resistance-tube  in  ])lace.  PP 
is  th(>  tubular  steel  piezometer,  surrounded  by  the  vapour- 
bath  V  V,  and  the  cold-water  jackets  D  D  ami  D'  D',  and 
filled  with  the  oil,  0  0,  by  whicli  the  pressure  is  transmitted. 
The  inner  compartment  of  the  glass  tube  is  at  a  a  (mercury). 
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the  outer  compartment  at  mm  (sodium  amalgam),  with 
petroleum  at  n  n.  The  terminal  wires  are  shown  at  b  b 
(cathode  connecting  with  the  piezometer)  and  at  c  c  (anode, 
insulated) . 

6  a.  In  the  course  of  my  work,  however,  I  found  it 
essential  to  connect  c  c  with  the  piezometer  and  to  insulate 
bb  ;  for  by  thus  reversing  the  tube  there  is  no  tendency  of 
short-circuiting  through  oil  and  the  outer  tube.  Indeed,  so 
important  is  this  adjustment  that  I  further  modified  the  tube, 
fig.  1,  in  the  way  indicated  in  fig.  3. 

Fig.  3. — Improved  Form  of  the  Tube. 
cold. — >■« Jtot * 


Here  the  inner  compartment  is  filled  with  mercury  to  only 
about  7  centim.  of  the  end.  The  remainder  of  the  tube^ 
containing  hydrocarbon  oil,  runs  completely  through  the 
piezometer  into  the  barrel,  with  which  the  insulated  platinum 
terminal  connects.  To  keep  the  mercury  in  place,  the  inner 
tube  is  drawn  down  to  a  smaller  diameter  (see  i,  fig.  3),  into 
which  the  mercury  meniscus  projects.  Air  is  excluded  bv 
boiling  the  mercury  with  the  platinum  wire  in  place.  The 
latter  amalgamates  externally,  but  careful  handling  is  none 
the  less  ad^dsable.  The  outer  tube,  with  its  filling  of  sodium 
amalgam,  not  only  envelops  the  inner  mercury-thread,  but 
extends  in  both  directions  as  far  as  the  cold  parts  of  the  sur- 
rounding piezometer-tube.  (Since  cc  connects  with  this,  no 
current  will  pass  through  the  film  of  hot  oil  and  the  outer 
glass  tube.  All  currents  betwi-en  piezometer  and  barrel  must 
therefore  pass  through  the  walls  of  the  inner  glass  tube — a 
condition  which  is  further  insured  by  making  NaHg/glass/Hg 
the  acting  electromotive  force.  I  have  purposely  described 
these  precautions  at  length  ;  and  their  im})ortance  is  obvious 
when  it  is  remembered  that  the  oil  uumU um  has  a  larger 
pressure-coefficient  than  glass,  and  that  the  insulation  of  oil 
sometimes  breaks  down  in  marked  degree  with  rise  of  tem- 
perature (§  19).  The  effect  of  cold  oil  can  be  found  pre- 
liminarily, when  the  whole  apparatus  is  cold. 

G  6.  I  have  finally  to  show  the  apparatus  for  testing  the 
resistance  and  pressure-coefiicient  of  the  liquid  insulators 
at  ditt'erent  tenn)eratures.  This  is  given  in  fig.  •!  (diagram), 
uud  consists  essentially  of  a  cylindrical  steel  rod  &Sj  adjusted 
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coaxially  with  the  steel  piezometer  P  P,  containing  the  oil 
to  bo  tested.  Tu})cs  of  glass,  f/  g,  hold  the  rod  .s-.9  in  position. 
Owing  to  the  fact  that  above  200°  glass  conducts  better  than 
most  hydrocarbon  oils,  this  insulating  arrangement  is  not  quite 

Fig.  4. — Arranp:ement  for  measuring  the  Pressure  Increments  of  the 
Electric  Resistance  of  Liquid  Insulators. 

P                                                                               P 
^coltZ—^-t /io/ >-         \ 


satisfactory  ;  but  by  using  thin-walled  glass  tuljes  filled  with 
the  oil,  the  data  so  obtained  are  sufficient  for  the  purposes  of  the 
present  text,  since  the  rate  of  bi-eakdown  with  temperature  is 
accentuated.  It  is  seen  that  the  measuring-current  passes  from 
tlu^  piezometer  P  P,  through  the  cylindrical  layer  of  oil,  into 
the  rod  .s-  .s,  and  thence  to  the  battery.  The  diameters  of  steel 
core  and  piezometer-tube  being  "13  and  '6'd  centim.  respec- 
tively, and  the  exposed  part  i)  centim.  long,  the  specific 
resistance  of  the  layer  of  oil  is  easily  computed  (§  19). 

6  c.  Digression. — By  filling  the  greater  part  of  the  closed 
end  of  the  inner  tube  (fig.  1  or  2)  with  the  substance  to  be 
examined,  and  the  oj)enend  as  far  as  e  with  mercury,  the  tube 
is  available  for  the  study  of  melting-point  and  pressure.  In 
such  a  case  the  forward  motion  of  the  inner  mercury  meniscus 
due  to  pressure  proportionately  decreases  the  resistance  of  the 
arrangement  by  increasing  the  opposed  surfaces  of  mercury 
and  sodium  amalgam.  Increased  delicacy  is  secured  by 
eidariiinti;  the  bulb  at  the  end  of  the  inner  tube.  At  the 
solidifying-point  the  sample  usually  undergoes  a  })henomenal 
reduction  of  volume,  corresponding,  therefore,  to  a  similarly 
large  reduction  of  resistance.  This  occurrence  I  propose  to 
use  as  the  criterion  of  solidifying-])oint  and  of  melting-point. 
The  ap})aratus  is  available  above  100°  under  any  pressure  up 
to  several  thousand  atmospheres. 

The  criterion  specified  is  also  available  when  a  fine  platinimi 
wire  is  stretched  through  contiguous  coaxial  columns  of  the 
substance  and  of  mercury  in  a  vertical  piezometer. 

7.  Resistances  were  first  nieasuretl  by  a  bridge  method  ; 
but  owing  to  the  fact  that  electro^u)ti^■e  forces  are  involved 
which  may  themselves  vary  with  pressure,  I  lost  faith  in  the 
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safety  of  these  methods  and  replaced  them  by  simple  circuit 
methods.  The  errors  to  be  guarded  against  arc  [)rimarily  in 
the  experiment  itself.  Again,  the  resistance-tube  (figs.  1-8) 
is  well  adapted  for  simple  circuit-work,  since  the  electro- 
motive force  NaHg/glass/Hg  may  exceed  a  volt,  and  the 
only  pronounced  resistance  is  in  the  cell.  Only  at  100°  need 
auxiliary  cells  be  inserted. 

Throughout  the  work  the  low-pressure  or  fiducial  resistance 
is  measured  before  and  after  the  high-pressure  resistance. 
This  safeguard  is  necessary.  From  three  to  five  minutes  were 
allowed  for  the  elimination  of  thermal  discrepancies.  The 
fiducial  resistance  is  to  be  measured  under  a  pressure  of  100 
to  200  atmospheres,  both  to  condense  the  air  retained  in  the 
pump  and  to  make  the  oil  less  compressible  (§  32).  Not  much 
care  was  taken  in  measuring  the  absolute  resistances,  since 
the  inferences  of  this  paper  are  to  be  drawn  from  the  in- 
crements. 

8.  In  the  high-resistance  experiments  I  used  the  Elliott 
square  pattern  of  Thomson's  high-resistance  astatic  galvano- 
meter. The  readings,  however,  were  made  by  Poggendorfi'^s 
method  of  telescope  and  scale.  To  adapt  Thomson's  concave- 
mirror  adjustment  for  this  purpose,  I  compensated  the  cur- 
vature by  an  ordinary  "  No.  o6  ""  concave  spectacle-glass  fixed 
in  front  of  the  mirror,  diffuse  light  being  suitably  screened  off. 
Glass  "  No.  36 "  slightly  under-compensates  the  mirror, 
Ifniving  some  magnification  which  is  not  undesirable.  In 
how  far  a  weak  telescope  may  be  made  to  do  the  service  of  a 
more  powerfid  instrument,  in  virtue  of  the  concave  mirror  and 
a  lens  even  weaker  than  No.  36,  remains  to  be  seen.  With 
the  above  adjustment  of  lens  and  mirror,  using  a  telescope 
magnifying  somewhat  over  20  diameters,  and  a  scale  some- 
what further  than  2  metres  from  the  mirror,  I  obtained  an 
image  about  4*5  centim.  long  and  sufficiently  distinct  for  all 
practical  purposes.  Thus,  if  one  volt  act  in  one  million 
megohms,  the  current  produced  would  only  just  escape 
detection. 

At  200°  the  galvanometer  was  suitably  shunted. 

JJ.  liegarding  other  manipulations,  the  paper  cited  in  §  2 
will  have  to  be  consulted.  Electromotive  forces  were  mea- 
sured by  a  zero  method. 

Observations. 

10.  Table  1.  contains  data  for  the  a})parent  change  of  the 

resistance   of   glass    with    pressure,    when    the    liquid  which 

transmits  pressiu'e  is  ordinary  saponifiable  sperm-oil.     Here 

6  denotes  the  temperature  of  the  vapour-bath,  approximately, 
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and  R  the  resistance  of  the  iinconipressed  glas.s  shell.  8R/R 
is  the  increment  of  resistance,  R,  corresponding^  to  the  pressure- 
increment  Bp,  where  the  initial  pres.sure  is  at  least  50  atmo- 
spheres (§  7).  kr  =  Sli/R.8p  is  the  pres.sure-coefficient.  To 
save  space,  I  have  taken  the  mean  of  the  two  or  three  complete 
triplet  observations  for  each  8p  given.  The  Taljle  contains 
six  independent  series  of  experiments,  made  at  different  times 
and  often  with  different  tubes.  The  adjustment,  however,  was 
in  the  main  that  of  fio-.  2,  reversed. 


Table  I. — Apparent  Effect  of  Pressure  (in  atmospheres)  on 
the  Resistance  of  Glass,  in  an  insulating  medium  of 
Animal  Sperm-Oil. 


Series  No. 

1 

Series  No. 

! 

0. 
R. 

108  X 

sn/R. 

Sp. 

WXkr. 

e. 

R. 

1  lOSx 
oR/R. 

Ip. 

Wxkr. 

Mean^VXlO". 

Mean  A>  x  10». 

I. 

82 

470 

174 

III. 

51 

480 

110 

2ir)". 

160 

835 

193 

310°. 

99 

877 

113 

UTxlUV 

213 

1180 

181 

— 

165 

1320 

125 

182. 

im. 

I. 

21.5°. 

75 
157 

455 

825 

167 
191 

IV. 

U)0°. 

164 
330 

450 
930 

365 
355 

117xlO-''w. 

217 

1160 

188 

182. 

3(10. 

I. 

310°. 

59 
117 
170 

497 

830 

1175 

119 
142 
145 

1     IV. 
160°. 

112 
102 
111 

515 

525 
610 

217 
196 

ia5 

137. 

200. 

I. 

(51 

470 

130 

310°. 

IIG 

845 

136 

VI. 

420 

605 

685 

(iXlO'V 

158 

1155 

137 

100°. 

420 

660 

640 

134. 

— 

_ 

()60. 

II. 

2ir)°. 

67 
135 

390 
750 

171 

180 

VI. 

160°. 

127 
136 

655 
644 

194 
211 

122X1UV 

195 

1070 

182 

141  1 

674 

209 

178. 

II. 

310°. 

1 

203. 

1 

-49 
97 

450 
790 

112 

122 

VI. 

215°. 

126  1 
12i{ 

657 
691 

192 
177 

DxlO'w. 

145 

1120 

127 

127 

68;S  ; 

184 

121. 

184. 

III. 

85 

516 

1(')3 

VI.     i 

97 

689 

143   1 

215°. 

165 

UKX) 

163 

310°.    1 

89 

(539  1 

1S8 

13()xlO'u>. 

219 

1405 

156 

lO'oj. 

1 

161. 

140. 

1 
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11.  A  graphic  construction  shows  the  cliaracter  of  these 
divers  series  to  be  identical,  tlioun-ji  the  individual  pressure- 
coefficients  show  marked  variation.  Tlie  data  of  the  thinj 
series  are  made  in  connexion  with  the  following  data  of 
Table  II.,  in  which  electromotive  forces  are  maasnred  before 
and  after  the  resistance  measurements.  As  a  rule,  the 
galvanometer-needle  does  not  reach  its  position  of  equilibrium 
at  once  ;  the  slow  changes  registered  are  probably  due  to 
gradually  vanishing  thermal  discrepancies  (§  o7). 

12.  Table  11.  gives  results  for  the  effect  of  pressttre  on 
the  electromotive  force  NaHg/glass/Hg.  Here  6  is  the  tem- 
perature of  the  vapour-bath,  and  e  the  observed  electromotive 
force,  in  volts,  corresponding  to  the  pressure  8p,  when  the 
initial  pressure  is  above  50  atmospheres  (§  10).  ke  =  8e/e  .8p 
is  the  pressure-coefficient.  Five  minutes  were  allowed  per 
observation.  Special  experiments  showed  that  e  decreases  on 
cooling.  The  medium  for  transmitting  pressure  is  again 
ordinary  animal  sperm-oil.  Earlier  observations  were  dis- 
carded, and  results  are  condensed  as  far  as  possible. 

Table  II. — Apparent  Effect  of  Pressure  on  the  Electromotive 
Force  of  NaHg/glass/Hg. 


Mean  A-eX  106    ^i»- 

exhA 

lO^X-te. 

0. 
Mean  /i-eXlO". 

Ip. 

fXlO^. 

lO-^X-tf. 

100°. 

r  0 

1  720 

5180 

t21.3°. 

1  488 

11182 

230. 

5950 

210 

109. 

11244 

11-3 

[  1080 

4300 

— 

1  992 

[   ^ 
11378 

11210 

. . 

5440 

245 

11332 
11224 

11-0 

*  21.5'^. 

1  533 

10872 

— 

11374 

9-7 

7-3. 

10904 

5-5 

1  550 

11214 

t  524 

r     0 

10912 

— 

11286 

11-7 

10950 
10922 

6-7 

310°. 

1  505 

10i).5S 

_ 

\    551 

109(i8 

7-7 

51. 

10672 

2-5 

[lOlO 

10996 

6-8 

1   0 
1  480 

1()()()6 



(       0 

10924 

— 

U)70() 

7-8 

535 
1011 

10976 
11008 

S-9 
7-7 

r     0 

10924 

. 

542 

10972 

8-2 

i  1033 

11004 

7-2 

*  Before  the  i 

esi  stance  -measii  n 

nients. 

1.1441 

11024 

(>-5 

t  After 

,. 

r   0 

10912 

— 

540 

10968 

9-6 

1027 

11004 

8-3 

I  143(5 

11028 

7-4 
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18.  To  facilitate  measurement,  the  greater  number  of 
experiments  are  made  at  215^.  Polarization  was  observed  ; 
and  for  this  reason  the  measurement  of  tenipcrature-coefhcients 
by  removin<i  and  readjusting^  vapour-baths  was  not  tried.  The 
increment  of  electromotive  force  is  largest  immediately  after 
compression  (temjiorary  effect),  and  then  decreases  to  the 
apparently  constant  values  of  the  Table.  The  converse  holds 
for  tbe  decrement  on  removing  pressure.  At  100°  no  satis- 
factory results  could  be  obtained  (§  M).  At  810°,  although 
the  temporary  effects  were  distinct,  the  permanent  effects  are 
not  w^arranted. 

14.  Table  III.  contains  results,  given  on  a  ])lan  identical 
with  that  of  Table  I.,  for  the  case  in  which  the  glass  tube 
(fig.  1)  was  removed  and  the  steel  rod  (fig.  4)  inserted.  In 
this  way  the  pressure-coefficient  of  ordinary  sperm-oil  was 
found.  Table  III.  also  contains  results  for  glass  made  after 
the  work  with  oil. 

Table  III. — The  Insulation  and  Pressure-Coefficient  of  Sperm- 
Oil.     ^^0  =  1^)0  atm.     Pressure-coefficient  of  glass. 


Series  No. 

0. 

K. 

MeanlO^xAv. 

103  X 

o'K/R. 

Sp. 

WX&r. 

Series  No. 

9. 

R. 

Mean  10«xX>. 

1(3  X 

r>. 

10«xAr. 

1. 
20°. 

18xl0"w. 
+6700. 

3300 
3500 

8100 
0.500 
2200 

540 

573 

1240 

1140 

553 

6200 
6100 
6500 
5700 
4000 

Glass 

VII. 

100°. 

240x10"^. 

620. 

tube  in 

347 
373 

serted. 

570 
580 

600 
640 

1. 

100°. 

2xlOV 

+  880. 

500 
560 

mo 

460 

550 

610 

1150 

550 

910 
890 
860 
840 

VII. 

215°. 

500x10^0,. 

171. 

90 

94 

186 

570 

560 

1000 

157 
170 
186 

1. 

215°. 

300xlO'to. 

+3;{0. 

180 
200 
230 

550 
(iOO 
075 

330 
330 
340 

1 

The  pressure-coefficient  of  sperm-oil  is  therefore  decidedly 
larger,  and  tlu;  specific  resistance  of  this  oil  is  usuallv  smaller, 
than  that  of  glass  {r/.  §  19,  Tables  IX.  <fc  X.)  :  but  tlie  break- 
down of  re^istance  with  rise  of  temperature  is  more  marked 
in  the  latter  case.  Nevertheless  the  data  of  Table  III.  cast 
grave  doubt  on  the  trustworthiness  of  the  data  of  Table  I.  ; 
and  hence  a  search  must  be  made  for  more  hichlv  insulatin'T 
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liquids.     For  obvious  reasons  I  selected  the  hydrocarbon  oils 
of  the  paraffin  series. 

15.  Table  IV.  contains  data  for  the  insulation  and  pressure- 
coefficient  of  very  volatile  gasolene. 

Table  IV. — Behaviour  of  Gasolene  under  Pressure.     Initial 
pressure,  j9o  =  200  atui.     Resistance  at  20°,  2x  lO^tu. 


Series  No. 

Series  No. 

0. 
R. 

10^  X 
5R/R. 

Sp. 

Wxkr. 

e. 

R. 

103  X 

Sp. 

lO'X-tr. 

Mean  ky  X 10". 

Meaii;trXlO«. 

^ 

0 

250 

0 

2. 

-380 

250 

-1500 

100°. 

sfo^. 

-550 

300 

-1800 

(  450xl06w 

220x]0»w. 

-580 

300 

-1900 

\         to 

-1800. 

-550 

300 

-1800 

I  130x10^^. 

-590 

300 

-2000 

±0. 

2. 

-330 

250 

-1300 

215°. 

-290 

280 

-1050 

r220xlC«w 

-200 

280 

-  710 

to 

-140 

220 

-  (140 

UoOxlOSw. 

-190 

250 

-  760 

-890. 

The  resistance  of  ^solene  is  therefore  enormous  as  com- 
pared with  sperm-oil,  and  above  100°  more  than  100  times 
that  of  glass.  Moreover  the  breakdown  of  the  gasolene 
insulation  with  temperature  is  remarkably  slow;  but  owing 
to  the  difficulty  of  keeping  the  apparatus  free  from  leaks 
in  the  case  of  this  verv-  thin  oil,  I  did  not  make  experiments 
with  the  glass  tube. 

A  feature  of  these  results  is  the  negative  pressure-coeffi- 
cients found,  which  themselves  decrease  algebraically  nearly 
proportionally  to  the  temperature  of  the  oil.  At  a  given  tem- 
perature the  resistance  is  not  constant,  but  decreases;  and 
since  the  gasolene  is  discoloured  when  removed  from  the 
press,  the  decrease  of  resistance  is  undoubtedly  a  solution- 
phenomenon.  Indeed,  I  suspect  that  negative  coefficients  are 
possibly  to  be  associated  with  solution  (§  3*J). 

16.  In  Table  V.  data  are  given  for  ordinary  illuminating 
oil  (petroleum).  The  glass  tube  still  has  the  form  of  lig.  1, 
reversed.     Two  sets  of  experiments  were  made. 
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Table  V. — Insulation  and  rressure-Coefficient  of  Petroleum. 
Initial  ])re.ssurej  ^^  =  yO  atni.  Pressure-coefficient  of 
glass. 


Series  No. 

Series  Ko. 

e. 

R. 

10-^  X 
5R/R. 

Sjj. 

10''XX>. 

0. 
R. 

lO^X 
oR/R. 

Sp. 

Wxkr. 

Mean  A-rX  108. 

Mean  /.vXlO". 

3. 

700 

460 

1.j30 

Petroleum  tested  again.     7^0  = 

200  atm. 

20°. 

700 

480 

1460 

370XlO«a;. 
+  1500. 

4. 

UI0°. 

740  x10V 

+  1800. 

560 
750 

370 

360 

1.500 
2100 

3. 

100°. 

130xl0"w. 

+  820. 

.520 
570 

580 
700 

890     1 
750 

4. 

215°. 

115       310 
193       305 

380 
640 

64xlO'V 

+  500. 

166  1     3(J(J 
200       300 

5.53 
667 

3. 
21.')°. 

134 
167 

570 
590 

234 

282 

40x10''... 

+  274. 

177 

580 

306 

4. 

310°. 

-115  !     300 
-175       .550 

-383 
-320 

-.521 

32xlCV 
-340. 

-100 
-105 

285 
290 

-360 
-360 

3. 

-285 

y.oO 

310°. 
[47x10"^ 
\        to 
I34xl0"a>. 

-430. 

-281 
-22V) 
-223 
-rJ2 

570 
570 
040 
520 

-492 
-404 
-.3-19 
-369 

-140 
-115 
-130 
-105 

523 

298 
495 
280 

-270 
-383 
-265 
-380 

Glass  tube  inserted. 

Glass 

tube  in 

serted. 

1             1 

VIII. 

630 

570 

880 

IX. 

100°. 
lOV. 
+1330. 

400 

300 

1330 

100°. 
230xl0''w. 

+780. 

420 

010 

080 

300 
280 
300 
300 

TX. 

21 5^ 

700  x10V 

+93. 

20 
25 
36 
30 

66 

88 

120     i 
100     I 

VIII. 

21.")°. 

200X]0'w. 

+  136. 

84 
SO 

030 
000 

132 
142 

IX. 

31 0^ 

140  x10V 

-76. 

1 

-25 
-32 
-17 

300 
3t)0 
300 

VIII. 

310°. 
OOxlO'w. 

20 
34 
33 

740 
725 
005 

26 
34 
50 

-  83     , 
-107    , 

-  55    1 

X43. 

40 

040 

63 

The  specific  resistance  of  petroleum  is  not  so  liip^li  as  that 
of  gasolene,  though  it  is  more  than  20  times  that  of  glass  at 
215°,  and  the  insulation  breaks  down  less  rapidly.  The 
prcssure-coctticicnls  decrease  in  marked  degree  Avith  rise  of 
temperature,  and  nearly  proportionally  to  it,  and  they  actually 
])ass  from  positive  to  negative  values.     They  are  of  a  larger 
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order  of  numerical  magnitude  than  the  glass-coefficients.  At 
fiUr,  where  the  petroleum-coefficient  is  negative  and  the  glass- 
coefficient,  according  to  Tables  I.  and  111.,  positive,  a  crite- 
rion of  the  effect  of  the  oil  is  obtainable.  The  glass  tube  t 
does  not  stand  this  test  fully,  since  the  pressure-coefficients  of 
oil  and  glass  in  series  IX.  are  both  negative,  though  the  effect 
of  the  glass  is  a  decided  algebraic  increase  of  the  oil-coeffi- 
cient. Moreover,  as  the  trustworthiness  of  a  tube  like  Hg.  1 
reversed  is  no  longer  vouched  for,  I  made  the  remaining  ex- 
periments with  the  tube  figure  3.  I  also  tested  a  better  insu- 
lating oil. 

17.  Tables  VI.  and  VII.  contain  data  for  the  insulation 
and  resistance  of  thin  mineral  machine-oil  ("  mineral  sperm"), 
and  also  for  glass  surrounded  by  it.  At  21.5°  the  resistance 
of  the  liquid  is  more  than  50  times  that  of  glass,  and  the 
breakdown  in  the  former  case  much  less  rapid.  Two  glass 
tubes  of  the  form  fig.  8  were  used  consecutively.  In  the 
first  of  these  the  internal  and  external  diameters  of  the  inner 
tube  were  "24  and  'o-i  centim.  respectively  ;  in  the  other  the 
dimensions  of  the  inner  tube  were  those  given  in  §  5. 

Table  VI. — Pressnre-Coefficientand  Insulation  of  thin  Mineral 
Machine-oil.    ^'0=1^^  ''^^™-     Insulation  at  20°,  '6  x  10''w. 


Series  No. 

e. 

E. 

Mean  kr  X  lO** 


5. 

215°. 

32UXl06a*. 

+960. 


»215. 

llOxlCw. 

-440. 


10»X 
emu. 

Sp. 

/{•rXlO«. 

I 

400 

410 

970 

400 

420 

9()0  ' 

-220 

410 

-525 

-KJO 

430 

-370 

-190 

440 

-430 

Series  No. 

if. 

R. 

Mean/l>xlO«. 


o. 

t310°. 

50xl0«w. 

+300. 


10^  X 
dR'U. 

£p. 

krXW: 

95 

370 

+260 

95 

340 

280 

140 

400 

350 

125 

390 

320 

400 

410 

970 

400 

420 

960 

*  Dirty,  after  an  explosion. 


f  Clean,  refilled. 


t  I  stronjrly  suspect  that  some  oil  had  worked  itself  down  into  the 
sodium  amalgaiu,  and  that  this  is  the  true  cause  of  the  exceptional  be- 
haviour referred  to  in  the  text.  This  inference  was  sustained  by  a 
dissection  of  the  tube  after  the  experiment. 
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Table  VII. — Pressure-Coefficient  of  Glass,  surrounded  by 
Mineral  Machine-oil.    j[)q=150  atni. 


Series  No. 

e. 

R. 
Mean  Xv  X 10". 

10^^ 
SRH. 

Sp. 

>trXlO«. 

1 

Series  No. 

0. 

R. 

Mean  Xvx  10". 

10»X 
SB.fR. 

Ip. 

i 

A>X10«.' 

XI. 

215°. 

80  x10V 

+  138. 

61 
59 

445 
420 

137 
140 

XL 

215°. 

190xl03(j. 

+  14.^.. 

57 
59 

400 
400 

143 

147 

XI. 

215°. 

120  X  Who. 

+  143. 

53 
67 

425 
420 

127 
157 

115 
116 
112 
126 
117 
115 

XI. 

100<=>. 

30xl0«w. 

+250. 

71 

94 

113 

385 
365 
375 

185 
260 
300 

XL 

310°. 

fr)xio'<..to 

1  8xHPw. 
+  117. 

41 

48 
46 
52 

49 

48 

3r)3 
415 
420 
410 
420 
415 

*XII. 

215°. 

360  x10V 

+  173. 

66 
69 
63 

395 
395 
355 

170 
175 
175 

155 
170 
180 

*XIL 

310°. 

26x]03u^. 

+  168. 

54 
60 
67 

350 
350 
380 

*  Another  tube  of  higher  resistance. 

Repetitions  of  this  work  led  to  virtually  the  same  uniformity 
of  result,  as  is  well  evidenced  by  the  close  coincidence  of  the 
data  for  215°.  The  coefficients  of  the  two  tubes,  however, 
are  not  identical.  A  feature  of  Table  VI.  is  the  change  of 
sign  of  the  pressure-coefficient,  when  the  oil  has  become  con- 
taminated. It  is  in  these  experiments  (Table  VI.)  that  I 
specially  observed  the  apparent  accommodation  detailed  in 
§  37.  As  a  whole  the  data  are  in  reasonable  confomiitv  with 
Table  I. 

18.  My  final  experiments  were  made  with  a  verj'  sticky 
Diinernl  machine-oil  {cf.  §  1).  Two  tubes  of  the  form  fig.  3, 
but  of  ditferent  resistances,  were  used  (§  17). 

At  310°  the  oil-coefficients  are  negative,  wherpas  the  glass- 
coefficients  reniiiin  distinctly  positive.  This  seems  to  be  a 
conclusive  test,  since  an  effi^ct  of  the  glass  in  changing  the 
sign,  or  in  any  way  increasing  the  oil-coefficients  is  incon- 
ceivable. The  increase  of  the  latter  with  pressure  at  215"^ 
{cf.  Table  VIII.)  is  ])robably  an  actual  occurrence.  Tlie  two 
tubes  again  ditler  in  their  properties. 
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Table  VIII. — Pressure-Coefficient  and  Insulation  of  sticky 
Mineral  Machine-oil.  y>o=150atm.  Pres.'jure-coefficient 
of  glass.     Oil-in.sulation  at  100°,  4  x  W  (o. 


Series  No, 

Series  No. 

9. 
R. 

10^  X 

an/R. 

Sp. 

^>xl0«. 

9.              lO'x 
R.            i  t^R/R. 

Sp.       krXW. 

Mean  -ivxlO^. 

655 

Mean  ^VX 106.  1 

6. 

530 

810 

XIII. 

73 

430         170 

21.5°. 

520 

820 

635 

*  215. 

42 

450           92 

l.-^OxlO^w. 

125 

sm 

3.50 

120x10^(0. 

50 

400         125 

+  rA[). 

155 

4(X) 

390 

129. 

T 

ube  broken. 

(5. 

-140 

440 

-320 

'" 

310°. 
18x106(0. 

-145 
-120 

410 
420 

-355 

-285 

Tube  of  high  resistance  inserted. 

-20'). 

-125 

4.50 

-280 

XIV. 

81 

400 

202 

-125 

470 

-265 

21.5°. 

84 

420 

200 

-115 

430 

-270 

730xl0»w. 

165 

830 

200 

+205. 

180 

830 

220 

Tube  of  low  resistance  inse 

rted. 

XIV. 

70 

415 

170 

XIII. 

100°. 

llxlOSui. 

52 

04 

115 

415 
420 

820 

125 
150 
140 

310°. 

36xl0'(o. 

+  155. 

60 
130 
125 

54 

420 
820 

780 
400 

145 
160 
160 
135 

+  135. 

9y 

810 

125 

*  Dirty,  after  an  explosion. 

19.  In  Tables  IX.  and  X.  I  have  briefly  summarized  the 
statistics  of  insulation  for  oil  and  for  glass.  All  reference  is 
made  to  215°,  since  these  measurements  are  the  more  reliable. 
The  table  is  not  intended  to  convey  more  than  a  mere  estimate 
of  the  conditions  encountered. 


Table  IX. — Breakdown  of  Resistance  in  the  case  of  the 
divers  Oils  examined. 


Sperm- 
oil. 

Gasolene. 

Petro- 
leum. 

Thin 
mineral 
machine- 
oil. 

Very  thick 

mineral 
machine- 
oil. 

0 

Specific  resistance  at  215 

Relative  resistance  at   20 

KJO 

215 

310 

3xl0« 
60 

7 

1 

1800x10^ 

10 

2 

1 

1 

400x106   1000x106 

26         1       300 

9                  30 

1                    1 

■6                   -5 

1 

1200  Xl0« 

00 
30 
1 
1 
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Tablk  X. — Breakdown  of  Resistance  in  the  case  of  clivers 
Glass  arrangements.     Specific  resistance  at  215°,  19  x  If/. 


Glass  in 


100 
215 
310 


Sperm -oil. 


500 
1 


Gasolene.    Petroleum. 


1400 
1 


I  Thin  mineral  Thick  mineral 
machine-oil.     macbine-oil. 


300 
I 


•05 


Deductions. 

20.  It  appears  from  Table  I.  et  seq.,  that  the  pressure- 
coefficient  (loos  not  decrease  with  the  size  of  the  pressure  inter- 
val Bj).  Tlie  tendency  is  rather  in  favour  of  an  increase,  but  thi.s 
is  obscure.  Hence  the  results  obtained  are  ])roperties  of 
either  the  oil  or  of  the  glass,  and  not  incidental  disturbances. 
Moreover,  I  am  warranted  in  taking  the  means  of  the  drvers 
pressure-coefficients  found  at  any  temperature  as  the  probable 
value  at  that  temperature. 

21.  Remarks  on  the  discrimination  of  temporary  and  per- 
manent eft'ects  have  been  made,  §§11,  13. 

22.  In  order  to  obtain  a  clear  insight  into  the  data  of 
Tables  I.  to  VIII.,  it  is  best  to  construct  pressure-coefficient 
as  a  function  of  temperature.  It  would  be  more  in  keeping 
with  the  present  work  to  coordinate  this  coefficient  with  re- 
sistance ;  but  the  latter  data  are  not  sufficiently  accurate.  In 
fig.  5  the  number  of  the  series  is  marked  on  the  curve. 

23.  Turning  attention  first  to  the  behaviour  of  the  solid 
insulator,  it  appears  that  the  electrical  resistance  of  glass  in- 
creases in  very  marked  degree  with  the  pressure  which  is 
brought  to  bear  on  it.  In  my  earlier  paper*,  in  which  I 
sul)jectod  glass  to  tensile  stress  (presumably  dilatational),  I 
found  that  the  resistance  had  jn'onouncedly  decreased.  I  also 
found  that  the  results  at  300^  were  not  as  evident  as  at  100°. 
Hence  the  present  and  the  earlier  observations,  though 
attacking  the  (juestion  from  opposite  points  of  view,  are  in 
accord.  I  am  thus  justified  in  announcing  that  the  chemical 
eqniUhrinui  of  a  soh'd  changes  tv/'th  each  change  of  strain  (§  30). 

24.  The  tables  further  show  that  the  ])ressu re-coefficient  of 
resistance  decreases  with  ri.se  of  temperature  ;  or  that  the 
effect  of  j)vessure  decreases  algebraically  as  the  numl)er  of  free 
ions  available  for  the  transfer  of  charges  becomes  greater. 
In  an  earlier  pajx-rj  I  showed  that  the  resistance  of  a  liquid 

*  American  Jnurnnl,  xxxvii.  p.  3-tO  (18v"^9). 
t  Aniericau  Jouniul,  xl.  p.  ili)  (ItilKJ). 
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Fio-.  5.--Charts  showing-  the  Relation  of  Pressure-Coefficient  and  Tem- 
perature for  (xla.-s  and  Hydrocarbon  Oil  ("  mineral  sperm"). 
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electrolyte  like  zinc  sulphate  in  water,  or  of  a  liquid  metal 
like  mercury,  is  a  decrease  of  specific  resistance.  Finally, 
the  present  results  for  insulating-oils  contain  several  examples 
in  which  a  passage  of  the  positive  into  the  negative  pressure- 
coefficient  is  directly  observed.  1  conclude  that  the  curve  for 
glass,  if  prolonged,  will  eventually  intersect  the  axis  of  tem- 
perature somewhere  in  the  region  of  low  red  heat,  and  that  the 
further  course  will  })e  negative.  Hence  for  all  substances, 
solid  or  liciuid,  there  is  a  point  or  state  of  electrolytic  dissocia- 
tion at  which  the  effect  of  pressure  on  resistance  is  nil  ;  or  at 
which  the  increased  molecular  stability  obtained  by  pushing 
the  molecules  nearer  together,  and,  })erliaps,  of  binding  the 
constituents  of  the  individual  molecule  more  firmly  together, 
counterbalances  the  decrease  of  the  path  over  which  the  ion 
travels  in  conveying  charge.  Taking  all  the  results  for  glass, 
oils,  the  solution  and  the  metal  into  account,  it  appears  that  the 
complete  functionality  will  be  given  by  a  curve  which  is 
asymptotic  both  to  the  vertical  in  the  region  of  low  tempera- 
tures and  ])Ositive  pressure-coefficients,  and  to  the  horizontal 
in  the  region  of  relativ^ely  high  temperatures  and  negative 
pressure-coefficients.  The  nature  of  this  cu)-ve  I  have  not 
been  able  to  work  out  (§  '22),  nor  will  it  be  the  same  for  all 
substances. 

25.  Having  thus  foimd  a  consistent  behaviour  in  metals  and 
electrolytes  in  relation  to  strain,  I  am  prepared  to  acce])t  the 
proposition  italicized  in  §  23  as  true  for  solids*  generally. 
For  the  case  of  metals  Osmond  f  has  partially  anticipated  me, 
stating  that  strain  more  or  less  comj)l('tely  converts  cold 
metals  from  one  definite  molecular  condition  into  another.  I 
have  been  unable  to  find,  however,  that  Osmond  has  any 
direct  evidence  to  support  this  assertion,  and  I  have  already 
pointed  out|  some  of  the  difficulties  which  Osmond  must  sur- 
mount before  his  view  can  gain  general  credence.  If  me- 
chanical stress  is  to  convert  a-iron  into  yS-iron,  it  is  not  to  be 
overlooked  that  whereas  the  haixlness  called  temper  changes 
the  electrical  resistance  of  steel  enormously  (as  much  as  3(>0 
to  400  per  cent.),  the  electrical  effect  of  mechanical  strain  is 
relatively  negligible.     Even  though  much  of  this  discrepancy 

*  To  my  knowledge  the  only  experiments  on  the  effect  of  pressure  on 
the  resistance  of  solid  metals  are  duo  to  Chwolson  (Carl's  Repertorium, 
xiv.  p.  -0,  1878),  \vho  shows  that  their  pressure-coefficient,  like  that  of 
mercury,  is  negative. 

t  Osmond,  Aunales  des  Mtne.%  July- August,  1888,  p.  G;  Mem.  de 
Vartillerie  dela  Marine  (Paris,  1888),  p.  4.  Of  course  I  make  no  reference 
against  the  ingenious  experiments  from  which  Osmond  infers  the  spon- 
taneous conversion  of  a-iron  into  /3-iron  at  red  heat. 

I  '  Nature,'  xli.  p.  i]70  (18t)0). 
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can  be  explained  away,  direct  experiments  on  metals  confirm- 
ing Osmond's  view  will  not  be  easily  forthcoming.  Two 
years  ago  I  spent  much  time  in  endeavouring  to  throw  light 
on  the  polymerization  of  metals,  by  studying  the  hydroelectrics 
of  stretched  and  soft  wires*,  by  dissolving  hard-drawn  and 
annealed  iron,  by  investigating  the  carburation  changes  of 
strained  steel  ;  but  in  no  case  have  1  found  e\  idence  of  an 
indisputable  bearing  on  the  point  at  issue.  Finally,  regarding 
the  mere  statement  f  of  inferences  of  the  above  kind,  1  believe 
I  anticipated  Osmond  by  interpreting  viscosity  in  solids  f 
with  reference  to  Clansius's  theory  of  electrolvsis. 

26.  The  proposition  of  §  23,  taken  in  connexion  with  my 
observation  of  the  occurrence  of  volume-lag  J  under  isother- 
mal conditions,  suggests  important  inferences  on  the  behaviour 
of  stressed  solids  generally,  and  leads  naturally  to  an  explana- 
tion of  hysteresis.  If  the  pressure  under  which  a  liquid  just 
solidities,  ccef.  pur.,  is  in  excess  of  the  (positive  or  negative) 
external  pressure  at  which  it  again  liquifies  (volume-lag  §), 
and  if  the  chemical  equilibrium  of  the  solid  acted  on  changes 
with  each  change  of  strain,  then,  quite  apart  from  considera- 
tions directly  involving  the  second  law  of  thermodynamics, 
quite  apart  from  the  energy  dissipated  in  the  cycle,  the  solid 

*  American  Cheuiical  Journal,  xii.  p.  1  (1890). 

t  American  .Journal,  xxxiii.  p.  28,  January  1887. 

X  American  Journal,  xxxviii.  p.  408  (1889). 

§  A  good  example  of  the  volume-lag  is  given  by  an  undercooled  liquid 
like  fused  thymol  (melting  at  o'.P),  for  instance,  which  at,  say,  •"iO"  solidities 
under  about  500  atm.,  and  does  not  again  liquefy  on  removing  the  ex- 
ternal pressure.  I  have  worked  with  para-toluidine,  naphthalene,  a-naphtol, 
paraffin,  and  caprinic,  palmitic,  and  monochloracetic  acids.  My  original 
belief  in  the  general  character  of  these  static  phenomena  has  recently 
been  disturbed  by  new  experiments,  in  which  I  found  for  the  special  case 
of  paraffin  that  it  would  be  possible  to  be  misled  by  local  soliditications 
of  the  column  under  pressure.  The  volume-lag  is  always  marked  when 
there  is  even  a  suggestion  of  undercooling.  The  action  of  pressure  is 
then  similar  to  the  closing  of  a  door  and  opening  it  again  without  lifting 
the  latch.  Observations  made  at  intervals  of  20  minutes  each,  witli 
palmitic  acid,  showed  that  at  66°  this  substance  solidities  between  .300 
and  400  atm.,  and  then  remains  solid  even  between  200  and  300  atm. 
At  100°,  «-uaphiol  solidities  at  500  to  600  atm.,  and  when  pressure  is 
being  removed  it  remains  solid  until  about  150  atm.  Undercooled 
caprinic  acid  at  20'^  solidities  under  150  atm.,  remaining  solid.  At  ."J-T 
it  solidities  at  about  500  atm.,  and  then  fuses  again  at  about  200  atm. 
Local  soliditications  here  suggest  the  occurrence  of  isomers  or  other 
impurity.  Sometimes,  as  in  the  case  of  naphthalene,  the  volume-lag 
is  not  thoroughly  static,  but  becomes  viscous  in  character,  &c.  1  have 
yet  to  study  the  eflect  of  temperature  on  the  magnitude  of  the  volume- 
lag,  i.  e.  on  the  ditference  of  pressures  isothermally  con*esponding  to 
soliditication  and  to  fusion.  \"ery  largo  pressure-intervals  are  es,sential 
for  this  purpose. 
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at  identical  stress-points  needs  not  be  in  the  same  chemical 
condition  while  stress  is  being  removed,  in  which  it  was  when 
stress  was  being  a]){)lied  ;  for  there  will  be  certain  groups  of 
particles,  uniformly  distributed  throughout  the  solid,  which 
during  the  "  stress  on  "  phase  pass  from  a  first  molecular  con- 
dition to  second,  and  which,  in  virtue  of  the  volume-lag,  do  not 
regain  their  original  state  at  identical  pressures  of  the  "  stress 
oft'"  [)hase.  The  march  in  the  two  cases  is  not  a  symmetrical 
one.  This  I  take  to  be  the  inherent  n;iture  of  the  phenomena 
studied  by  Cohn*,  Warburg  f,  and  others,  and  to  which 
EwingI,  after  much  original  research,  has  given  the  generic 
name  hysteresis.  Yn  my  note  I  pointed  out  the  importiint 
bearing  of  the  volume-lag  on  the  molecular  behaviour  of 
matter §,  though  I  have  yet  to  specify  my  views  in  detail. 
The  occurrence  of  hysteresis,  therefore,  implies  a  favourable 
molecular  mechanism  of  the  kind  indicated,  and  one  would  not 
expect  to  find  it  at  once  in  all  substances. 

Conformably  with  the  above,  the  interpretation  given  bv 
Mr.  C.  A.  Carus-Wilson  ||  of  his  important  discovery  (to 
which  I  alluded  in  a  former  paper),  is  much  more  than  an 
analogy. 

27.  Warburg  and  Ewing  have  proved  that  hysteresis  is  not 
only  associated  with  mechanical  stress,  but  may  be  very 
clearly  evoked  by  magnetic  stress.  Curiously  enough,  the 
evidence  in  favour  of  the  views  expressed  in  §  26  is  here 
directly  forthcoming.  Remsen's1[  discovery  of  the  chemical 
influence  of  the  magnetic  field,  additionally  substantiated  as 
it  now  is  by  the  ingenious  ex])eriments  of  Rowland  and  Bell**, 
proves  beyond  a  doubt  that  magnetic  iron  is  more  electro- 
neoative  than  unmaonetic  iron.  Conformablv  with  the  above 
paragraphs,  I  therefore  infer  that  this  phenomenon  is  to  be 
interpreted  as  directly  evidencing  a  chemical  difference  be- 
tween magnetic  and  unmagnetic  iron,  and  as  such  I  consider 
it  an  exceedingly  important  step  towards  an  ion  theory  of  mag- 
netism ff.     Thus  the  occurrence  of  the  chemical  difference  iu 

*  E.  Cohn,  Wiod.  Ann.  vi.  p.  388  (1878). 

t  Warbiirp,  Wied.  Ann.  xiii.  p.  141  (1881). 

X  Ewiiifr,  riiil.  Trans,  ii.  p.  r)4o(188o). 

§  American  Journal,  xxxviii.  p.  408  (1880). 

II  Cams-Wilson,  Phil.  Mag.  xxix.  p.  200(1890). 

51   Reinsen,  American  Chemical  Journal,  iii.  p.  IT)?  (1881). 

**  Rowland  and  Bell,  Phil.  Majr.  ,-■")]  xxvi.  p.  lOo  (L'^8). 

tt  111 '  Nature  '  (xli.  p.  .'570,  18J)0)  1  pointed  out  that  clo.«ed  helical  paths 
of  molecular  dimensions,  each  conM.stin<T  of  a  riirht- and  a  left-hand  sci-ew- 
thread,  with  their  ends  joined,  can  be  ponerated  by  the  symmetrical 
interpenetration  of  two  congruent  Jkavais  nets.  I  iufeiTed  that  electrical 
charges  urged  along  and  around  the  said  closed  helical  paths  by  the  action 
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question,  and  the  explanation  of  magnetic  hyteresis,  as  given 
in  the  present  and  preceding  paragraphs,  mutually  sustain 
each  other. 

2(S.  Whether  viscosity  and  dissociation  in  solids  are  to  be 
explained  with  reference  to  a  single  mechanism,  or  whether 
we  are  to  conceive  of  two  mechanisms  (molecular  and  atomic 
frameworks),  one,  as  it  were,  within  the  other,  is  at  the  present 
stage  of  research  a  mere  question  of  special  convenience.  The 
remarkably  low  viscosity  at  the  yield-points  of  metals,  as  well 
as  the  similarly  low  viscosity  near  the  Gore-Barrett  phe- 
nomena, are  both  in  conformity  with  the  sudden  passage  from 
a  first  molecular  state  to  a  second,  through  an  instability. 

29.  It  follows  from  Tables  I.  to  VIII.,  that  in  an  ajolotro- 
pically  strained  transparent  soHd  like  glass,  electric  conduction 
is  different  in  different  directions,  the  difference  depending 
on  the  intensity  of  strain.  Suppose  this  be  considered  in 
connexion  with  the  doubly  refracting  property  of  such  a 
solid,  and  again  with  Warburo-  and  Tegetmeier's"^ researches  on 
the  electric  conduction  of  quartz  along  its  optic  axis,  with 
non-conduction  at  right  angles  to  it.  Then  the  inference  is 
tenable,  that  the  strain  artificially  sustained  in  one  case  is 
naturally  sustained  in  the  other.  Tegetmeier's  conducting 
sodic  silicate,  ingrained  in  the  crystalline  structure  of  quartz, 
and  possessing  larger  molecular  conductivity  in  quartz  than 

of  the  magnetic  field,  could  be  made  to  replace  the  usual  conception  of 
molecular  currents  circuhiting  in  a  molecule  without  resistance.  From 
this  point  of  view  magnetic  and  electric  fields  merely  ditTer  in  the 
rotational  character  of  the  former  as  compared  with  the  non-rotational 
character  of  the  latter.  Whereas  in  an  electrolyte  the  ion-dissociation 
takes  place  as  the  result  of  chemical  relations  and  heat,  it  takes  place  in 
a  metal  under  the  mere  influence  of  heat.  The  immediate  action  of  both 
fields  is  directional ;  and  by  taking  advantage  of  the  positions  of  labile 
equilibrium  of  the  ion,  they  act  in  a  way  analogous  to  Clerk-Maxwell's 
demons  ('  Heat,'  chap.  xxii.  §  10),  producing  marked  effects  at  the  ex- 
penditure of  a  relatively  .^niall  amount  of  work. 

The  advantage  which  1  seek  for  in  this  tentative  suggestion  has  direct 
reference  to  my  own  line  of  work.  I  can  picture  to  myself  the  role 
played  bv  the  forcicjn  ingredient  chemically  present  in  iron,  in  modifying 
the  retentiveness  and  the  magnetic  stability  of  the  metal.  Thus  I  con- 
ceive the  carbon  atoms  in  hard  steel  to  be  so  placed  that  after  mag- 
netization they  block  out  definite  closed  helical  paths  in  the  metal,  along 
which  the  transfer  of  charges  must  thereafter  take  place.  Hence  an 
increase  of  magnetic  stability  as  contrasted  ■with  pure  iron,  where  from 
any  point  four  or  more  such  paths  may  be  open.  Again,  other  substances 
(manganese,  say)  may  be  conceived  to  unite  with  the  iron  in  such  a  way 
as  to  shut  out  the  possibility  of  closed  helical  paths  altogether.  The  fact 
that  my  permanent  magnet  is  essentially  a  self-exhausting  engine  does  not 
seem  to  be  a  serious  objection. 

*  Warburg  and  Tegetmeier,  Wied.  Ann.  xxxv.  p.  455  (1888) ;  xli. 
p.  18  (1890). 
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in  glass,  may  be  looked  to  as  responding  to  strain  of  the  kind 
suggested. 

30.  In  the  next  six  paragraphs  it  will  be  convenient  to  dis- 
cuss some  of  the  errors  relating  to  both  the  measurements  of 
resistance  and  electromotive  force. 

The  effect  of  ])ressure  on  the  jiolarization  occurring  in  case 
of  the  above  cell  and  of  exceedingly  weak  currents  is  some- 
what difficult  to  handle.  Warburg  *  and  others  have  shown 
that  the  reaction  is  essentially  Na/glass/Hg  changing  to 
Na/Na2  SiOs  glass/NaHg,  or  a  mere  transfer  of  sodium  through 
the  walls  of  the  glass,  by  aid  of  sodium  silicate  as  a  con- 
veyancer. 1  shall  therefore  have  to  rely  on  the  data  of 
Table  II.,  in  which,  if  a  marked  etfect  of  pressure  on  pokiriza- 
tion  had  been  })resent,  it  would  have  been  detected.  It  will 
be  remembered  that  I  commenced  with  high  initial  pressures 
(p(j=50  to  200  atm.)  to  obviate;  incidental  disturbances. 

31.  The  effect  of  pressure  on  the  oil  in  the  piezometer  was 
specially  investigated  in  each  case.  Cf.  Tables  111.  to  YIII., 
§  38. 

32.  A  source  of  error  is  introduced  by  the  temporary 
shifting  of  the  isothermal  planes  of  the  piezometer,  during 
compression,  in  virtue  of  the  compressibility  of  the  oil  con- 
tained in  the  tube.  Adiabatic  thermal  changes  during  com- 
pression or  removal  of  pressure  would  produce  effects  of  a 
sign  oj)posite  to  tliose  of  the  Tables. 

To  remove  both  of  these  it  was  often  my  habit  to  wait 
3  to  5  minutes,  supposing  the  original  thermal  state  was  then 
nearly  enough  regained.  Longer  waiting  was  not  safe  because 
of  fluctuations  of  the  astatic  system  of  the  galvanometer. 

Fig.  6. 
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Special  tests  were  made  as  follows  : — In  fig.  G  let  P  Q  be 
the  piezometer  closed  at  Q,  and  receiving  pressure  in  the 
direction  of  the  arrow.  Let  A  B  1)0  the  ])osition  of  the 
glass  resistance-tube.  Finally,  let  the  hollow  cylindrical 
vapour-bath  surrounding  the  piezometer  stretch  respectively 
from  h  to  </,  or  from  a  to  c,  or  from  c  to  e.  Parts  lying 
within  the  vapour-bath  have  constant  temperature,  which 
falls  oft'  ra])i(lly  from  both  ends  of  the  bath  towards  the  ends 
uf  the  pie/.unieter.  When  pressure  is  apjilied  the  vertical 
isothermal   piano  of  the  c(.)m|)res^il>le  oil  are  all  moveil   from 

*    Wuilnii-,  Wird.  Ann.  .v\i.  p.  G22  (1884):  xxxv.  p.  \hh  (1888). 
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P  to  Q.  With  the  vapour-bath  in  the  position  bd,  pressure 
would  thus  cool  the  end  A  and  heat  the  end  B  of  the  glass 
tube  A  B  ;  but  the  cooling  would  exceed  the  heating.  Hence 
an  error  of  the  sign  of  the  data,  Table  I.  &c.  Now  let  the 
va[)our-l)ath  bo  shifted  to  the  position  ac  and  the  thermal 
state  be  stead}-.  The  B-half  of  the  tube  A  B  is  now  exposed 
to  cold,  and  compression  can  only  have  the  effect  of  heating 
these  parts,  seeing  that  the  A-half  is  protected.  Hence  an 
error  of  a  sign  oppodte  to  the  data  of  Table  I.  &c.  Finally, 
wlipn  the  bath  has  the  position  ce,  the  error  first  considered 
would  be  accentuated. 

1  inade  experiments  in  accordance  with  this  scheme  at  310°, 
but  found  that  this  severe  test  did  not  change  the  character 
of  the  results  of  Table  I.  Data  are  superfluous.  Again,  de- 
creasing the  iengtli  of  the  tube  A  B  had  no  appreciable  effect. 
Similar  tests  were  made  with  reference  to  Table  II. 

33.  It  is  clear  at  the  outset,  since  pressure  increases  both  the 
ri'sistanee  of  glass  and  the  electromotive  force  NaHg/glass/Hg, 
that  changes  of  the  latter  will  act  in  a  way  tending  to  wipe 
out  the  change  of  resistance.  liCt  e,  I,  R  denote  the  electro- 
motive force,  current,  and  resistance  of  the  uncompressed 
circuit.  Let  Ip  be  the  current  corresponding  to  pressure  jt>, 
and  A'R  and  kg  be  respectively  the  pressure-coefficients  of 
resistance  and  electromotive  force.     Then 

l-K  =  {l(l  +  Kl>)-l,)/p.J, (I) 

Table  II.  gives  /^■g=  10/10'',  say,  whence  the  values  of  Table  XL 
result  from  Table  I.,  series  III.  cf.  §  11.  In  the  final  column 
/.•']{  =  SR/ R.  S/>,  the  former  coefficient. 

Table  XL — Allowance  for  Increments  of  Electromotive 


Force. 

(9  =  215°. 

p- 

lO^p./ce. 

l{l+P^-e). 

Ip. 

10«X-tH. 

lOexA'E. 

523 

995 

1411 

5-2 

9-9 

141 

21-18 
21-28 
21-37 

19-47 
18-11 
17-27 

175 
lt)8 

157 
164 
156 

512 
1U16 
14U3 

5-1 
lU-2 
140 

21-18 
21-28 
21-37 

19-39 
18-07 
17-28 

180 
172 
ir)9 

169 
163 

156 

1 

Thus  the  data  underlying  §§  22,  23,  24  are  accentuated. 
At  310°  a  permanent  pressure-coefficient  /■(,  could  not  be  de- 
tected, and  at  100°  it  is  certainly  very  much  in  error  (§  34). 
Since  therefore  X-p  is  never  fully  vouched  for,  1  have  omitted 
it  in  the  computation  of  /u  altogether. 
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34.  In  case  of  an  uncompressed  circuit  shunted  by  un- 
avoidable leaks,  let  R,,  R2,  R3  be  the  resistances  of  the  ceil, 
the  shunt,  and  the  metallic  circuit  respectively.  Similarly 
let  ii,  to,  ?3  b(>  the  three  j)artia]  currents  corresponding  re- 
spectively to  Ri,  R2,  R.s-  Let  SRj/Ri  he  the  effect  of  pres- 
sure on  the  n^-^istance  of  the  cell  (resistance-tube),  and  Be/e 
be  the  simultaneous  increment  of  electromotive  force.  Finally, 
in  case  of  the  c6m]')ressed  circuit',  let  accentuated  symbols 
replace  the  symbols  for  the  uncompressed  cell.  Then  a  some- 
what tedious  reduction  leads  to 

/,(l+8./,)-y/  (1  +  R,/R0(1  +  R3/R,)-1 

;^  (8R^/R0(R,/R,-(n-l)R3/R,)  _  i^-i/ 

""'I'- i,      (l  +  R^/K.Xl+Rs/RO-l  iz    ''^^ 

where  8Ri/Ri  =  7)8R2/R2,  and  8R2/R2  is  the  pressure-coefficient 
of  the  oil  throu<Th  which  the  leakage  obviously  takes  place. 
Regarding  8R,/Ri  in  (2),  if  the  resistance,  R3,  of  the  metallic 
<*ircuit  is  relatively  small,  or  if  Rj  be  reasonably  small  relative 
to  the  leak  R2,  the  considerations  of  §  27  at  once  apply.  The 
case  of  ^efe,  however,  is  serious.  Supposing,  again,  that 
R3/R1  and  R,/R2  are  small,  the  last  equation  reverts  to 

-8,/,=  (;3-./3'(l  +  8R,R,))/,3, 

and  thus  the  changes  of  resistance  due  to  pressure  are  inter- 
preted as  changes  of  electromotive  force.  Even  zero  or 
electrometric  methods  will  only  measure  the  difference  of 
potential  of  two  points,  of  the  leak-shunted  circuit.  Hence 
the  permanent  pressure-coefficients  (Be/e)  of  Table  II.  cannot 
biit  be  regarded  with  suspicion,  and  they  are  merely  an 
essential  justification  of  Table  I.  et  seq. 

j35.  A  final  difficulty  in  case  of  short-circuiting  is  not  to  be 
lost  sight  of.  A  leak  usually  includes  an  electrolyte  between 
two  different  metals,  and  thus  introduces  an  electromotive 
fol'ce  in  a  way  quite  beyond  computation. 

36.,  The  consideration  of  the  data  of  Table  II.  would  now 
be  in  order  :  but  for  the  reasons  just  stated  I  hold  the  work 
scarcely  ri])e  for  discussion,  and  will  tlu'refore  withhold  re- 
marks until  1  ciin  deyise  some  more  nearly  faultless  method 
of-meusurement.- - - 

37.  In  order  to. exhibit  the  full  character,  of  the  individual 
observations  of  Tables  I.  to  VIII.,  I  shall  discuss  a  series  of 
data  which  I  was  first  inclined  to  interpret  as  an  electrical 
manifestation  of  volume  "  accommodation "  (§  17).  In 
figs.   7  to  i*  the  observed  intensities  of  current  in  relative 
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measure  are  given  as  ordinates.  They  are  therefore  inversely 
proportional  to  the  resistance  of  the  glass.  The  abscissae  are 
times,  supposing  that  the  times  consumed  in  making  each 
triplet  of  observations  are  equal  and  similar.  The  oscillations 
are  due  to  the  fact  that  pressure  is  raised  from  about  150 
atmospheres  to  about  600  atmospheres,  and  then  lowered  to 
the  first  value  again,  thus  giving  the  three  points  for  each  of 
the  triplets  numbered. 

Figs.  7,  8,  9. — Charts  showing  the  Oscillation  of  the  Electric  Conductivity 

of  Glasj  with  pressure,  at  215°,  310°,  and  again  at  216®  respectively. 

Experiments  made  consecutively. 
Figs.  10, 11.  — Charts  showing  the  Oscillation  of  the  Electric  Conductivity 

of  verv  vi.scoLis  Hydrocarbon  Oil  ("mineral  machine-oil'')  with  pres.sure, 

at  21.')°  nnd  P.10°VH<pf'ftivfly. 
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In  fios.  10  and  11  similar  results  are  oiven  for  thick  mineral 
machiiu'-oil.  In  the  former,  pressure  was  twico  increased 
from  about  1(50  to  OSO  atmos])horos  and  Kick  again  ;  and  then 
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from  about  100  to  540  atmospheres;  thus  obtaining  ampli-- 
tudes    of  different    values.      In    fifr.    11    pressure    oscillated 
between  about  1.50  and  (500  atmospheres. 

Fio;s  7,  8,  and  9,  which  were  obtained  consecutively,  show 
a  gradual  decrease  of  resistance  to  a  limit,  very  obviously  in 
fig.  7  at  21.5°,  quite  as  obviously  in  fig.  8  at  310°,  but  not 
obviously,  if  at  all,  in  fig.  9.  Hence  the  inference  is  sug- 
gested that  the  continued  exposure  to  strain  alternations  at 
310°  has  wiped  out  all  viscous  instability  possible  at  21.5°. 
The  volume-elasticity  of  the  glass,  so  far  ais  its  chemical  mani- 
festations are  concerned,  is  now  constant.  The  objections  to 
this  interpretation  are  twofold  : — In  the  first  place  the  ampli- 
tudes of  oscillation  are  constant  throughout,  rop^.  par.,  and  do 
not  converge  to  a  limit.  Again,  the  results  for  oil  show 
similar  phenomena,  not  verj^  obviously  in  fig.  10,  but  marked 
in  fig.  11,  where  both  the  negative  pressure-coefficient  and 
the  resistance-decrease  act  together  to  invert  the  figure. 

38.  I  have  finally  to  refer  to  the  results  obtained  with 
highly  insulating  liquids.  It  appears  from  these  that  the 
effect  on  resistance  of  an  additional  number  of  molecules 
splitting  u])  in  consequence  of  the  removal  of  a  fixed  amount 
of  pressure,  decreases  rapidly  with  the  total  number  splitting 
up,  where  the  decrease  is  to  be  taken  in  an  algebraic  sense 
and  to  include  a  march  through  zero.  In  the  case  of  sperm-oil, 
gasolene,  petroleum,  thin  and  thick  hydrocarbon  machine-oil, 
the  observed  pressure-coefficients  pass  from  positive  towards  or 
actually  into  negative  values  as  temperature  increases,  and  at 
a  rate  which  for  the  same  oil  between  20"  and  300°  is  nearly 
constant. 

These  rates  (SR/R  .  hp .  h6)  are  as  follows  : — 

Table  XII. — Rate  of  Thennal  Variation  of  Pressure- 
Coefficient. 


Sperm-oil. 

Gasolene.         retrDleiim. 

! 
Thin  Mineral  Tliiek  Mineral 
Macliine-oil.     Macliine-oil. 

-3/10" 

-9,10" 

-  fi/lO" 
-10/10" 

-7/10"       1      -C./IG". 

1 

The  figures  therefore  denote  the  change  of  the  pressure- 
coefficient  per  d('gre(^  Centignide.  In  a  general  way  it  may 
lie  noted  that  this  i-liangc  is  least  in  sperm-oil,  where  ions  are 
present  in  greatest  number. 

Similar  icinarks  were  made  in  my  earlier  jiajter*,  after  an 
*    Ann  limn  .liiniiil,  xl.  ].  il'i*  (1>!0). 
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examination  of  niorcniy  and  solution  of  zinc  sulphate.  Both 
coefficients  in  this  case  were  neo;ative,  and  I  was  not  prepared 
for  the  positive  coefficients  (SK/R .  Syv)  so  marked  in  the 
present  paper.  The  data  as  a  whole,  therefore,  show  that  it  is 
not  permissible  to  pass  from  one  substance  to  another  ;  doubt- 
less because  the  number  of  molecules  which  must  split  up  per 
unit  of  area  to  discharge  the  field  varies  largely  from  sub- 
stance to  substance.  Inferences  are  to  be  drawn  from  one 
smd  the  same  solvent,  either  electrolytically  dissociated  by 
temperature,  or  moditied  by  the  solution  of  some  given  sub- 
stance, or  both. 

39.  The  remarks  of  §  38  are  substantiated  by  the  incidental 
results  of  Table  VI.,  where  the  number  of  ions  is  increased  by 
dissolved  dirt.  It  agrees  with  the  negative  pressure-coefficient 
found  for  zinc  sulphate  (1.  c).  Moreover,  by  keeping  the 
thick  machine-oil  at  310°  for  two  or  more  hours,  I  found 
that  its  resistance  continually  decreased,  while  the  pressure- 
coefficient  passed  from  indistinctly  positive  to  pronounced 
negative  values.     Dissociation  is  here  to  be  inferred. 

I  have  only  touched  upon  this  question  in  passing  ;  but  if 
it  can  be  proved  that  the  occurrence  of  negative  pressure- 
coefficients  is  an  index  of  solution,  then  metals  may  also  be 
regarded  as  holding  ions  in  solution.  In  general  a  sequence 
of  changes  of  state  or  of  molecule  corresponding  to  gas-liquid, 
liquid-solid,  may  be  regarded  as  crowded  into  the  solid  state, 
though  the  external  manifestations  are  here  no  longer  obvious 
at  once. 

40.  The  present  research  has  been  excessively  tedious  and 
elusive.  Moreover  the  final  values  for  the  pressure-coefficient 
of  glass  (Tables  VII.,  VIII.),  although  consistent,  do  not 
show  the  uniformity  of  values  which  I  had  hoped  to  reach. 
Nevertheless  the  residts  are  marked,  and  unless  there  be  some 
occult  Ix'haviour  of  polarization,  I  do  not  believe  that  I  have 
been  led  astray  in  my  inferences.  In  so  far  as  my  results 
are  correct,  they  contain  the  first  direct  and  connected  evi- 
dence of  the  change  of  chemical  equilibrium  with  strain. 

Regarding  the  behaviour  of  liquid  insulators  like  the  hydro- 
carbon oils,  the  results  found  ])resent  many  points  of  interest, 
and  I  have  no  doubt  that  a  more  systematic  study  of  the 
subject  than  I  have  been  able  to  make  would  throw  much 
light  on  the  details  of  the  mechanism  by  which  electricity  is 
conveyed. 

Physical  I.aboratorv,  U.S.  Geol.  Survey, 
Washingtou,  D.C. 
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III.  On  the  Diurnal  Variations  of  Maanetic  Element.'',  as 
(lependinff  on  the  Method  of  Tabulation.  Bi/  WiLLlAM 
Ellis,  F.R.A.S.,  of  the  Royal  Observatory,  Grecmcich* . 

THE  interesting  paper  of  Messrs.  Robson  and  Smith,  "On 
the  Diurnal  Variation  of  tlie  Magnet  at  Kew,"  which 
appears  in  the  August  number  of  the  Philosophical  i\Iagazine 
(page  140),  includes  a  comparison  between  the  diurnal  in- 
equality of  the  decHnation-magnet  as  determined  at  the 
Greenwich  and  Kew  Observatories  in  the  years  1870,  1871, 
1872,  1883,  1886,  and  1887. 

The  Kew  results  for  the  years  1883,  1880,  and  1887  wore 
determined  by  the  authors  of  the  paper  by  Wild's  m<*thod, 
the  hourlv  ordinates  for  about  five  f|uiet  days  in  each  montli 
liaving  been  measured.  Those  for  the  years  1870,  lJS71,  and 
1872  had  been  previously  determined  by  Mr.  Whipple,  Super- 
intendent of  the  Kew  Observatory,  and  b^'him  communicated 
to  the  1886  Re{)ort  of  the  British  Association  Committee  on 
Comparing  and  Reducing  Magnetic  Observations;  and  were, 
as  Mr.  AVhipple  kindly  informs  me,  calculated  from  the  records 
of  four  ^elected  quiet  days  in  each  month  of  the  three  years. 
The  results  tor  the  whole  six  years  are  thus  in  every  respect 
comparative. 

The  Greenwich  results  with  which  those  for  Kew  were 
compared  were  deduced,  not  from  selected  days,  but  from  the 
records  for  all  days  excepting  those,  comparatively  few  in 
number,  on  which  either  the  magnet  was  excessively  disturbed, 
or  the  record  from  some  accidental  cause  was  wanting. 
Whenever  results  for  all  days  are  hereafter  mentioned,  it  will 
be  understood  to  be  with  this  limitation.  For  the  days  thus 
em])loyed  a  pencil  line  was  drawn  by  hand  through  each 
photographic  trace  so  as  to  represent  the  general  form  of  the 
curve,  neglecting  its  petty  irregularities,  but  giving  con- 
sideration to  deviations  of  marked  character.  The  hourly 
ordinates  were  measured  from  such  pencilled  line,  and  it  is 
on  the  measures  so  made  that  the  diurnal  inequalities  con- 
tained in  the  Greenwich  volumes,  and  employed  by  Messrs. 
Robson  and  Smith,  depend. 

Comparing  together  the  Greenwich  and  Kew  results  for 
declination,  found  in  the  way  describeil,  Messrs.  Robson  and 

*  Coiiinuuiicatrd  h\  tlio  Author. 
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Smith  showed  that  there  existed  a  periodical  difference  in  the 
diurnal  inequality,  similar  in  character,  and  generally  also  in 
magnitude,  in  each  of  the  six  years  treated.  Mr.  Whipple,  in 
the  British  Association  Report  before  alluded  to,  had  previousi y 
pointod  out  the  existence  of  this  periodical  difference  in  the 
three  ve;irs  with  which  he  dealt,  and  suggested  that  it  might 
be  in  some  measure  due  to  instrumental  causes,  and  in  some 
degree  also  to  difference  of  geogniphical  position,  which  con- 
siderations would  .ipply  equally  to  the  comparison  of  the 
years  1883,  188(),  and  1887;  but  how  far  such  causes  may 
have  acted,  it  was  impossible  from  a  com[)arison  of  this  kind 
to  determine. 

Circumstances  have  now,  however,  arisen  which  enable  us 
to  make  a  direct  comparison  of  the  two  methods  of  tabulation. 

In  compliance  with  a  request  made  by  the  Sub-Committee 
of  the  Kew  Committee  of  the  Royal  Society,  the  Astronomer 
Royal  has  arranged  to  select,  yearly,  five  quiet  days  in  each 
month,  to  be  generally  adopted  for  the  discussion  and  com- 
parison of  the  diurnal  inequalities  of  magnetism  at  the  various 
British  magnetic  observatories,  in  consequence  of  which 
diurnal  inequalities  will  now  be  determined  at  Green\\ich  for 
these  selected  quiet  days,  as  well  as  for  all  days  in  the  manner 
which  has  been  so  long  employed.  The  work  at  Greenwich 
for  the  first  year  under  this  arrangement,  that  of  1881>, 
having  been  lately  completed,  opportunity  is  now  given 
for  making  a  direct  comparison  of  methods,  a  comparison  in 
which  the  question  of  difference  of  instruments  or  of  geogra- 
phical position  in  no  way  enters.  Viewing  the  interest 
attaching  to  this  matter,  the  Astronomer  Royal  has  kindly 
given  me  permission  to  communicate  to  the  Philosophical 
Magazine  the  results  arrived  at  for  the  year  mentioned. 

The  present  comparison  has  been  made  not  only  for  decli- 
nation, but  also  for  the  horizontal  and  vertical  forces,  and  the 
results  are  contained  in  the  accompanying  Table.  The  diurnal 
inequalities  on  the  two  systems,  and  their  differences,  are 
given,  in  the  case  of  declination  in  minutes  of  arc,  and  for  the 
horizontal  and  vertical  forces  in  parts  of  these  forces.  But 
in  order  to  make  the  comparison  between  the  several  ele- 
ments more  complete,  the  differences  have  been  further 
converted  into  metric  measure,  those  of  declination  being 
expressed  as  westerly  force,  the  unit  employed  in  the  Table 
being  'OOOOl  of  the  metric  unit.     The  metric  differences  are 

...  •  •     1 

also  exhibited  in  the  form   of  curves,   for  comparison   with 
the    curves    for   declination    given    bv    Messrs.    Robson   and 
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Smith*.  The  Greenwich  dechnation-curve  is  less  bold  than 
that  of  Messrs.  ]{obson  and  Smith,  but  in  other  respects 
shows  great  similarity,  both  in  form  and  in  the  position  of 
the  nodal  points.  The  deficiency  in  boldness  may  be  a  pecu- 
liarity of  the  year  under  discussion,  the  e})Och  being  one  of 
minimum  magnetic  activity. 

The  periodical  ditlerence  shown  by  Messrs.  Robson  and 
Smith  to  exist  between  the  Greenwich  and  Kew  diurnal 
inequality  of  declination,  as  deduced  at  Greenwich  from  all 
days  and  at  Kew  from  ({uiet  days,  thus  appears  to  depend  on 
difference  in  the  character  of  the  records  employed  ;  since  the 
discussion  of  Greenwich  records  alone,  on  the  two  systems 
mentioned,  leads  to  the  same  conclusion,  not  only  as  regards 
declination,  but  also  for  the  horizontal  and  vertical  forces. 
A  difference  of  the  same  general  character  is  shown  in  each 
element  in  all  months  of  the  year  :  these  particulars  could 
not  well  be  given  here,  but  it  has  been  thought  interesting 
to  add  in  the  Table  the  summer  and  %vinter  effects,  taking 
sunnner  as  including  the  months  from  April  to  September, 
and  winter  the  remaining  months  of  the  year. 

The  records  used  in  the  formation  of  the  Greenwich  all  days' 
results  contain  many  irregularities  which  are  smoothed  in  the 
way  before  mentioned.  The  quiet  days,  in  It^HU,  contain 
practically  no  irregularities.  It  might  thus  be  conjectured 
that  something  may  be  due  to  systematic  bias  in  the  })erform- 
ance  of  the  smoothing  operation  ;  but  it  could,  if  necessary, 
be  shown  that  no  influence  of  this  kind  would  produce  differ- 
ences so  dissimilar  in  character  for  the  different  elements  ; 
besides  which  irregularities  in  the  vertical-force  record  are  so 
infrequent,  and  in  the  year  treated  so  few  and  trifling,  that 
l)ractically  no  smoothing  had  to  be  done;  but  yet  the  curve 
for  vertical  force,  as  may  be  seen,  is  quite  as  ])ronounced  as 
those  for  either  of  the  other  elements,  and  indeed  forms  a  very 
much  larger  ])roportion  of  the  whole  diurnal  inequality  for 
vertical  force  (see  the  Table)  than  is  the  case  for  either  of  the 
other  elements. 

The  difference  between  the  two  methods  of  determining 
diurnal  in(Miuality  thus  ajipears  to  arise  from  a  jdiysieal  cause, 
the  form  of  the  iliurnal  inecjuality-curve  founel  by  including 
all  days  differing  in  a  systematic  way  t'rDui  that  given  by 
using  selected  quiet  days,  in  the  manner  shown  in  the  diagram. 
The  nodal   ])oints  in  the   horizontal-force  and   vertical-force 

*  The  vertical  tlivisioiis  on  tho  diiifrrani  correspaud  eacli  to  'OOOio 
metric  or  'OJOO^o  C.d.S.  moasiiro,  eiuivaleut  on  tlio  docliii itiou-curve  to 
0'"47  in  arc,  Avhilst  those  on  Messrs.  liobiou  and  Smith's  diagram  repreaant 
each  O''o0. 


^ 

CO 

Hi 

^ 

CD 

C 

H< 

^ 

s 

3 

:^ 

r 

i 

^ 

' 

- 

i 

£ 

3 

3 

z 

i 

r 

s 

"• 

c 

3 

3 

•^ 

t 
M 

o 

3 

i 

3 
< 

5 

s 

3 

« 

2i 

3* 

M 

re 

3 

re 

i 

IB            p. 

3 

3 

3 

o 
3 

X 

a 

3 

S' 

3 

so 

o 
=! 

1    1 

- 

3 

5" 

3 

re       D- 
E     "2 

to 

a 

1^ 

3 

7 

•< 

5' 

^ 

n 

■2 

O 

3' 

3 

•-3 

1 

L 

1 

tc 

+ 

1 
to 

4- 

i 

4- 

+ 

+    + 

1 

1 

1 

1 
o 

1 

o 

I 

s 

ol 

00 

■" 

^ 

o-. 

Oa 

o 

O) 

'^ 

«^ 

- 

oo 

o 

^ 

£ 

p 

1 

1 

1 

1 

+ 

1 

4- 

4- 

4- 

4- 

4-     4- 

1 

1 

1 

1 

1   . 

1 

*? 

to 

o. 

111 

Oi  • 

o 

lO 

^ 

00 

-j 

f 

*- 

to 

Oi 

1 

to 

1  " 

1 

1 

1 

1 

1 

1 

4- 

+ 

4- 

4- 

4-     ■ 

1 

1 

1 

*? 

-5 

s 

^ 

.     a 

"* 

^ 

00 

>c- 

to 

'■" 

ci 

T. 

Cn 

o. 

o 

<x 

1 

1 

1 

1 

+ 

1 

4- 

+ 

4- 

4- 

+      4- 

1 

1 

1 

1 

1    » 

eo  " 

o 

CO 

Oi 

CO 

IC 

«. 

" 

•J- 

00         G> 

-^ 

en 

(O 

g 

c 

to 

LO 

1 

1 

1 

1 

+ 

1 

4- 

4- 

4- 

4- 

4-     + 
en     to 

4- 

1 

1 

1 

o 

1 

o 

1 

t^ 

w 

QC 

ii 

tc 

en 

00 

05 

~' 

<D 

>t^ 

" 

'— 

to 

o 

CO 

to 

to 

1 

1 

1 

+ 

4- 
o 

4- 
o 

+ 
lO 

+ 

Oi 

4- 

+ 

o       CC 
O         Oi 

4- 
-1 

1 

4- 

lO 

+ 

o 
o 

i 

1 

cn 

1 

• 

1 

1 
ci 

4- 

4- 
o 
ti 

4- 

bS 

b3 

+ 

OI 

4- 

+ 
3 

J 

4- 

4- 

4 

OD 

4- 
tc 

+ 

1 

1 

Itl 

to 

1 

f 

1 

1 

1 

1 

4- 

4- 

4- 

4- 

4- 

1 

1 

4- 

4- 

4- 

4- 

_^ 

03 
-< 

to 

di 

lO 

*^ 

to 

o 

lo 

en 
ob 

CO 
CO 

'i^ 

to 

eo 

t* 

.^ 

Cl 

." 

-S 

o* 

o 
>-i 
o 

CD 

O 

2 

p 

O* 

!^- 

1 

1 

1 

4 

4- 

1 

o 
a> 

4- 

4- 

4- 

4 
to 
ci 

1 

1 

to 

+ 
to 
cn 

4- 
en 

4- 

+ 

1 

1 

to 

§ 

1 

1 

1^ 

1 

if 

1 

C3 

1 

OJ 
00 

4- 

1 

lb. 

+ 

4- 

o 

1 

Oi 

ei 

1 

Ol 

a. 

4- 

+ 

4- 

to 

o 

4- 
o 

_l^ 

* 

1 

1 

1 

1 

1 

J^ 

+ 

4- 

4- 

4- 

1 

1 

4- 

4- 

4- 

4- 

1 

1 

o 

!«>■ 

CO 

to 

6 

CO 

00 

Oi 

IF' 

o 

lO 

to 

o 
ts 

O 

a 

to 

^ 

g 

•^ 

i;^ 

o 

Ct 
K 

(Tt- 

• 

1 

4- 

1 

1 

1 

1 

+ 

4- 

4- 

4- 

1  ' 

1 

4- 

4- 

4- 

4 
o 

4- 

4- 
1-- 

w 

■^ 

" 

O" 

en 

(T> 

IC' 

o. 

»-• 

JS" 

+ 

+ 

1 

ts 

1 

00 

fcS 

1^ 

in 

to 

*< 

Oi 

1 

+ 

1 

1 

1 

1 

I 

1 

+ 

4- 

+ 

+ 

4- 

4- 

'^ 

l(- 

^ 

<* 

1^ 

ci 

w 

M 

to 

^ 

■■a 

o 

35 

to 
to 

to 

CO 

0-. 

ts 

cn 

§ 

+ 

+ 

+ 

+ 

1 

1 

1 

1 

1 

1 

1 

1 

4- 

4- 

4- 

4- 

4- 

4- 

CO 

o 

»o 

00 

i-  ■ 

-< 

» 

en 

ec 

t» 
to 

eo 

00 

a» 

eo. 

o 

g 

g 

4- 

+ 

'+ 

t 

r 

en 

1 

1 

1 

r 

1 

CO 

+  ■ 

(3> 

4- 
eo 

4- 

4- 

4- 

4- 
o 

4- 

co 

4- 
eo» 

;;; 

■XI 

*. 

o 

- 

CO 

«» 

o> 

-  Oi 

;<^ 

° 

*. 

K>- 

cn 

00 

at 

ft 

Oi 

4 

+ 

+ 

+ 

4- 

JO 

1(1 

4- 

1 

1 

1 

1 

i 

4- 

4- 

4- 

4- 

4- 
o 

■»- 
to 

4- 

^ 

Oi 

OS 

i 

6 

CO 

" 

^ 

S 

to 

CO 

00 

g 

CO 

3 

+ 

+ 

+ 

+ 

+ 

4- 

1 

1 

1 

1 

;^, 

4- 

4- 

4- 

4- 

4- 
o 

4- 

4- 

,- 

to 

3 

M 

® 

•^ 

V 

50 

o 

-' 

^ 

- 

to 

CO 

to 

^ 

to 

4- 

+ 

+ 

+ 

t 

+ 

1 

1 

1 

4- 

4- 

4- 

4- 

4- 

t 

+ 

o 

4- 

.- 

M 

C-i 

u. 

u. 

o 

to 

o 

■- 

ti 

t£> 

OS 

to 

en 

+ 

+ 

+ 

+ 

+ 

4- 

i 

1 

1 

\ 

4- 

lU 

4- 

4- 

+ 

4- 

1- 

+ 

o 

4- 

'& 

Ifc 

k- 

;s 

-i 

Cn 

!»■ 

en 

° 

to 

Cn 

to 

t. 

'g 

o 
to 

g 

+ 

+ 

+ 

1  + 

1  + 

4- 

1 

1 

1 

1 

+ 
1^ 

+ 

1 

1 

1 

1- 

;, 

1 

'g 

"^ 

w. 

1   ob 

■•- 

o> 

o. 

to 

en 

CO 

eo 

u. 

to 

bo 

' 

+ 

+ 

+ 

+ 

1  + 

4- 

1 

1 

1 

1 

+ 

4- 

1 

1 

1 

1 

1  1 

o 

1 

g 

& 

1 » 

to 

1  « 

1  ^ 

o 

ts 

^ 

6 

+ 

+ 

+ 

+ 

4- 

03 

4- 

1 

1 

1 

1 

4- 

4- 

1 

1 

1 

1 

o 

1 

o 

1 

kS 

g 

Is 

M 

O 

<X 

^ 

o 

1     =» 

a> 

o 

CO 

CD 

en 

1 

+ 

+ 

1  + 

1    -^ 

4- 

1 

; 

1 

1 

4- 

4- 

1 

1 

1 

1- 

1 

o 

1 

S 

ee 

w 

t^ 

^ 

00 

o 

» 

en 

o 

+ 

to 

4- 

!S 

ss 

s 

Is 

1  1 

s 

CO 

*- 

1    1 

4- 

1 

1 

1 

1 

1 

o 

o 

CO 

5 

o 

en 

■4 

« 

to 

en 

Oi 

s 

u 

* 

■b. 

r 

40 


Mr.  W.  EJlis  v/i  the  Diurnal  Variationa 


curves  it  will  be  seen  occupy  nearly  similar  positions,  rise  of 
the  horizontal-force  curve  Ijeing  accompanied  by  fall  of  the 
vertical-force  curve;  the  nodal  points  for  declination  occupy  an 
intermediate  position.  As  renjards  the  comparative  maf^jnitude 
of  the  deviations,  the  ranf^e  (difference  between  the  ^jreatest 
and  least)  is,  for  declination  V'()\  (+0'-38to  — O'-Gli).  or  in 
metric  measure  55  (  +  20  to  — 35);  for  horizontal  force, 
metric,  81  (  + 10  to  —15),  and  for  vertical  iorcc  50  ( -f  2(j 
to   — 24).     The  sums  of  the  twenty-tunr   hourly  deviations, 


metric,  taken  without  regard  to  sign,  are  for  declination  302, 
for  horizontal  force  200,  and  for  vertical  force  ol'8. 

It  is  remarked  by  Messrs.  Hobson  and  Smith  that  the  range 
of  the  diurnal  inequality  in  declination  in  each  of  the  three 
years  1883,  188G,  and  1887  is  less  at  Greenwich,  including 
all  days,  than  at  Kew  for  quiet  days,  by  0'-5,  0'-3,  and  0'-5 
respectively,  as  though  magnetic  irregularities  tended  to 
diminish  instead  of  increasing  the  diurnal  range.  In  the  fol- 
lowing Table  there  is  given,  in  addition  to  the  diurnal  range 
(difference  between  greatest  and  least),  the  sums  of  the 
twenty-four  hourly  deviations  from  the  mean,  taken  without 
regard  to  sign. 
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Kleiaciit. 

Baugc.   . 

Sums  of  24  Deviations. 

All    ! 
clays. 

Quiet    Exce&s 
days,   nil  days.' 

All      Quiet    Ex(!e88 
day.s.     days,    all  days. 

Declination,  in  minutes  ... 

G'-()4 

O'lL' 

1 
-U'OS 

3C)'-83   32'-.'')S    +4'-25 

o2U 
221 

166 

1 

324 
240 
137; 

-   4 
-19 

Vdb-1      1727  ,   +225 

124U      Ir'i'Ti- I-^Tt. 
774  -1  :  (373'-f ^Wl- 

Hoi-izontal  Force,  metric... 
Vertical  Force,  metric- 

Thu.«,  comparing  Greenwicli  values  only.  Ave  find  for  1881* 
mean  of  tlie  throe  values  of  excess;  under  Range  = — 1,  and 
the  mean  under  Sums  of  Deviations  =+i»0.  The  latter  is 
probably  a  better  indication  than  the  simple  range  of  the 
influence  of  magnetic  irregularities  on  the  diurnal  ine(|ua]ity 
formed  tVom  all  days.  But  the  di.'^cussiun  of  the  records  of 
other  years  will  throw  further  light  on  this  point. 

The  question  whether,  in  forming  diurnal  inequalities,  all 
days  should  be  employed,  or  selected  days  only,  is  one  tliat  has 
forced  itself  into  notice  in  the  discussion  also  of  meteoro- 
logical elements.  For  instance,  in  air-temperature,  the 
ordinary  diurnal  change  is  in  winter,  at  times,  (piite  reversed, 
and  the  barometric  movements  are  sometimes  large  and  very 
irregular.  But  yet  all  days  have  been  usually  included  in 
determining  diurnal  inequality.  It  may  be  questionable 
whether  it  is  ])roper  arbitrarily  to  reject  days  because  they 
appear  to  be  affected  with  irregularities  which  may  themselves 
have  a  diurnal  period.  Indeed,  considerable  variation  in  am- 
plitude of  motion  may  be  found  to  exist  in  magnetic  registers 
on  different  quiet  days  in  the  same  month.  Considering, 
however,  the  amount  of  work  involved  in  the  tabulation  of  all 
days,  the  proposal  to  discuss  the  records  of  British  magnetic 
observatories  for  five  selected  days  monthly,  in  each  year,  will 
make  a  practical  beginning  iu  that  which  in  magnetism  is  so 
much  required — the  tabulation  of  the  records  of  differeut 
observatories  on  one  uniform  plan,  in  order  to  effect  a  more 
efficient  and  trustworthy  comparison  of  results. 
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IV.   Additional  Notes  on  Secondarj/  Batt^riex.     Dij  Dr.  J.  H. 
Gladistoxe,  F.R.S.,  and  W.  Hibbeut,  F/I.C."^ 

DURING  the  ])ubHcation  of  a  series  of  papers  by  Dr. 
Gladstone  and  Mr.  Tril)e  in  'Nature/  1882,  on  the 
*•  Chemistry  of  the  Plante  and  Faure  Aceiiinuhitors,"  a  dis- 
cussion arose  as  to  wliether  the  sulphate  of  lead,  to  which 
thev  attributed  so  important  a  part  in  the  reaction,  could  be 
reduced  by  electrolysis.  It  was  shown  at  tlie  time  by  ex[)t^- 
rimental  proof  that  this  was  possible,  even  when  the  sulphate 
of  lead  was  jjure,  and  it  was  contended  that  when  intimately 
mixed  with  peroxide  of  lead,  as  in  actual  practice,  there  was  no 
difficulty  about  the  matter  f- 

There  arose,  however,  a  belief  that  a  subsulphate  of  lead 
was  ])roduced  on  the  plates.  Some  experimenters  found  in 
this  belief  an  explanation  of  the  ditHculty  in  reducing  those 
masses  of  salt  which  occasionally  form  in  practice,  while  others 
looked  upon  the  subsalt  as  more  easily  reducible  than  the 
neutral  compound. 

So  far  as  we  are  aware,  no  specimen  of  the  supposed  sub- 
salt  was  described  till  Professor  Frankland  published  his  paper 
in  the  Royal  Society's  Proceedings,  1889,  vol.  xlvi.  p.  ;-iU4,  in 
which  he  gives  an  account  of  what  he  believes  to  be  two 
definite  subsulj)hates.  That  produced  from  litharge  we  have 
already  examined  in  our  paper  of  last  June  J.  Since  then  we 
have  turned  our  attention  to  the  other  possible  subsalt  made 
by  the  action  of  sul[)huric  acid  on  minium. 

In  the  original  pa[)er§,  Gladstone  and  Tribe  gave  the  formula 
of  decomposition  as 

PbgO,  +  2H2SO,= PbOo  +  2PbS0,  +  2H2O. 

They  showed  by  means  of  a  quantitative  experiment  its 
gradual  slow  formation,  anil  saiil,  "It  is  evident  that  in  a 
Paure  battery  we  are  dealing  with  i)lates  that  consist  of  a 
superficial  layer  of  mixed  peroxide  and  sulphate  of  lead." 

Praid\huul,  whili;  viewing  this  red  suiistance  as  a  sub- 
sulphate,  arrived  at  precisely  the   same  ultimate  composition, 

*  Communicated  by  the  Pliysical  Society  :  road  No3'ember  28,  1800» 
t  See   "The    Cliemistry    of  the   Secondary   Batteries"  iu    'Nature' 
Series. 

X  Phil.  Mag.  Aug.  lSi)0.  and  IVoc.  Thys.  Sue.  x.  p.  418. 
§  See  volume  cited,  p.  14. 
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which  he  expressed  by  the  formula  SaPbaOjo.  He  adduces, 
however,  no  evidence  to  show  that  it  is  not  a  mixture;  of 
Pb02  with  2PbS04.  We  sought  for  some  means  of  deciding 
between  these  two  views.  A  solution  of  acetate  of  ammonium 
is  known  to  dissolve  sulphate  of  lead,  and  was  in  fact  used 
long  ago  for  that  purpose.  It  might  therefore  be  expected 
to  separate  the  sulpliate  from  the  peroxide,  while  it  was  not  so 
likely  to  bring  about  the  decomposition  of  such  a  compound 
as  SoPbaOiO' 

Some  of  the  red  substance  was  prepared  by  treating 
minium  with  an  excess  of  dilute  sulphuric  acid  (1  of  acid 
to  10  of  water).  After  four  days  the  action  was  still  in- 
com])lete,  but  eventually  it  absorbed  the  full  amount  of  acid 
required  bv  theory. 

The  j)ercentage  of  lead  in  the  resulting  red  substance  was 
just  over  72  per  cent. 

A  portion  of  this,  after  treatment  with  a  3  per  cent,  solution 
of  acetate  of  ammonium,  left  a  residue  which  was  much 
darker  in  colour  than  the  original  and  contained  82  per  cent, 
of  lead.  That  is  to  say,  it  was  approximating  towards  PbO^, 
which  contains  8G"0  per  cent,  of  lead.  The  liquid  was  colour- 
less, and  the  ratio  between  the  Pb  and  80^^  dissolved  was 
determined  in  several  different  instances.     The  ratio 

Weiffht  of  Pb 


Weight  of  SO4 

varied  from  2*0  to  2-15,  pure  PbS04  requiring  2"16  and 
Frankland's  compound  3' 23.  The  portion  dissolved  there- 
fore was  not  a  basic  sulphate,  and  the  evidence  tells  against 
the  original  substance  being  a  chemical  compound. 

Of  course,  it  is  impossible  to  affirm  that  no  subsulphate  is 
ever  formed  in  the  reactions  of  a  secondary  cell,  but  all  that 
we  actually  know  is  ])erfectly  consistent  with  the  old  and 
siin{)ler  supposition  that  PbSO^  is  the  salt  alternately  formed 
and  decomposed. 

Action  of  Sulphuric  Acid  on  Lead. 

In  our  former  communication  we  described  a  comparative 
experiment  in  which  dilute  sulphuric  acid,  either  alone  or 
mixed  with  a  small  quantity  of  sodium  sulphate,  was  allowed 
to  act  on  spongy  lead.  The  experiment  was  allowed  to  con- 
tinue  for  hve  months,  and  hydrogen  gas  was   given  of!"  for 


44  Mossrti.  Boys,  Briscoe,  and  Watson  on  the 

such  11  length  of  time  that  we  tliought  it  would  be  interesting 
to  analyse  the  resulting  substance. 

The  residue  from  the  action  of  the  puie  acid  on  the  lead 
consisted  of  ^'1  per  cent,  of  sulphate  of  lead  and  '[ti  per  cent, 
of  metallic  lead,  while  that  fiom  the  action  of  acid  mixed  with 
sulphate  of  soda  consisted  of  ^*J  per  cent,  of  lead  sulphate 
and  11  per  cent,  of  metallic  lead. 

Althougli  tlie  action  of  the  acid  on  the  lead  was  initially 
diniinislied  i)y  the  presence  of  sodium  sulphate,  the  final  result 
in  this  instance  was  rather  the  other  way.  No  doubt  the 
whole  of  th((  s])ongy  lead  would  have  Vjeen  converted  into 
sulphate  if  it  had  not  ])een  for  the  large  amount  of  insoluble 
salt  \\hich  protected  the  remaining  particles. 

This  result  throws  light  on  the  reason  why  a  lead  plate 
deteriorates  during  a  long  rest. 

V.  On  iJie  Mrasnrewfnf  of  Electromagnetic  Radiation.  Btf 
(A  V.  ]}0YS,  A.R.Sj'l.,  F.R.S.,  Assistant  Professor  cf 
Pliysics  at  the  Royal  College  of  Science,  London,  A.  E. 
Briscoe,  J.R.C.S.,  and  W.  Watson,  A.R.C.S.,  B.Sc* 

[Plate  v.] 

AT  the  time  that  Mr.  Gregory  described  and  exhibited  his 
"  Electric   Radiation    Aleter  "  j,   which  indicated  and 

measured  electromagnetic  radiation  bv  the  increase  in  length 

•  11.*  •  " 

of  a  fine  platinum  wire  sti'etched  in  a  glass  tube  in  consequence 

of  the  heat  developed  by  the  induced  currents  within  it,  one 

of   us  expressed   the   view  that  it   would    be   interesting    to 

confirm    by    some   independent   method    the  conclusion  that 

the  wire  was  lengthened  by  heat,  as  it  was  not  absolutely 

certain,  though  exceedingly  probable,  that    the  increase  in 

length  might  not  be  apparent  only  and  not  real. 

The  following  is  an  account  of  experiments  made  by  two 

independent  methods,  with  the  view  of  finding  whether  the 

expansion  observed  by  Mr.  Gregory  was  such  as  might  Ije 

expected  from  the  induced  currents. 

First  Method. 

Imagine  two  straight  wires  parallel  and  near  together,  but 
not  touching  one  another  or  any  conductor.  Let  them  be 
placed  })aiallel  to  and  at  a  convenient  distance  from  a  cvlin- 
drical  rod  of  the  same  length  as  either  of  the  wires.  Uhen. 
if  electrical  oscillations  are  started  in  this  rod  hy  any  well- 

*  Comniuiiicnlod  hv  tlie  PlnsicHl  Society  ;  read  June  20,  1890 
t  Phil.  Mag.  .Ian.  iV'.tO. 
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known  method,  the  two  wires  will  act  as  resonators,  and 
induced  oscillations  will  occur  in  them,  not  necessarily  in 
absolutely  the  opposite  phase  to  the  oscillations  in  the  pri- 
mary, but  at  any  rate  in  the  same  phase  in  the  two  wires, 
so  that  the  electricity  in  each  will  surge  up  and  down  at 
the  same  time.  I'i,  then,  the  ordinary  theories  of  electro- 
dynamic  and  electrostatic  action  apply  in  the  present  case, 
which  may  be  true  or  may  not,  then  the  currents  going  up 
together  and  down  together  will  attract  one  another,  while 
the  charges  resting  chiefly  at  the  two  ends,  beino-  at  one 
moment  -f  above  and  —  below,  and  at  the  next  moment 
reversed,  will  repel  one  another.  Owing  to  the  harmonic 
distributions  of  the  current  and  the  charges,  the  electro- 
dynamic  attraction  will  be  mainly  in  the  middle  parts,  while 
the  electrostatic,  repulsion  will  b(,^  mainly  at  the  two  ends. 
Further,  both  these  distributions  vary  harmonically  with 
the  time,  and  are  a  quarter-period  removed  from  one 
another  ;  but  the  integral  effect  of  each  is  equivalent  to 
a  steady  force,  and  the  quarter-period  ditference  of  phase 
has  no  influence  as  far  as  forces  are  concerned. 

In  order  to  realize  what  these  forces  are,  and  what  are  the 
relations  between  them,  it  will  be  necessary  to  consider  them 
separately. 

(1)  Electrodynamie  Attraction. — Let  the  wires  be  supposed 
to  be  very  close  together,  so  that  the  force  felt  by  any  element 
is  almost  entirely  due  to  those  elements  of  the  other  wire 
which  are  so  close  to  it  that  the  variation  of  the  current  strength 
in  those  elements  along  the  wire  is  inconsiderable.  Now,  if  the 
distance  apart  is  d,  if  c  is  the  strength  of  the  current  at  any 
moment  (measured  electrodynamically),  and  if  /  is  the  length 
of  the  element,  the  force  exerted  by  the  other  wire  on  this 

element  will  be  2    ,    dynes.     But  as  the  current  at  anv  point 

varies  liarmonically  with  the  time,  the  average  force  will  be 
necessarily  half  the  maximum  force  ;  therefore  the  average 

force  on  the  centre  elements  will  be     , ,  if  c  is  the  maximum 

current  at  the  centre. 

(Since,  also,  the  current  varies  harmonically  along  the  wire, 

the  average  force  per  unit  length  over  the  whole  wire  will  bo 

half  that  at  the  centre  ;  so  that  the  attraction  between  the 

c'^L 
wires  will  i)e   -r~r,  where  L  is  the  whole  length  of  the  wire. 
2d '  *= 

(2)  Electrostatic  Repulsion. — In  the  same  way,  if  g  is 
the   quantity   of   electricity   (measured    electrostatically^    on 
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unit  lengtli  at  any  part  of  the  wire,  the  force  of  repulsion 
upon  an  element  at  any  moment  will  be  2      ,  the  average 

force   on  this   element  will  be    — ,   and  the  total   repulsion 


between  the  wires  will  be 


•Id' 


•  Now  to  find  the  relation  between  these  it;  is  necessary  to 
remember  that  the  wires  are  resonators  j  that  is,  the  oscilla- 
tions follow  the  natural  period  and  are  not  forced.  Also  that 
the  total  quantity  of  electricity  on  one  half  of  the  wire  is  the 
inteo;ral  of  the  current  that  has  ])assed  the  middle  point. 
Although  there  is  no  difficulty  in  findincr  the  relation  between 
the  attraction  and  repulsion,  the  following  graphic  method 
may  be  worth  giving.  In  order  to  simplify  matters,  the 
resonator  will  at  first  be  supposed  of  such  a  length  that  the 
oscillations  occur  at  the  rate  of  one  a  second,  i.e.  it  will  bo 
supposed  to  be  |  of  3  x  10^"  centim.  long  ;  also  the  maximum 
current  at  the  centre  will  be  supposed  unity.  Xow  let  the 
vertical  line  in  C  (fig.  1)  represent  the  wire,  and  the  distance 
of  the  harmonic  curve  from  it  at  any  point  the  strength  of  the 
current  at  that  point  when  it  is  at  a  maximum. 

Fi-.  1. 


In  the  same  wa}',  let  the  distance  of  the  harmonic  curve  in 
Q  from  the  wire  at  any  point  represent  the  charge  at  that 
point  a  quarter-period  later,  at  which  time  it  is  at  a  maximum; 
then  the  totul  (piantity  on  one  end.  represented  by  the  shaded 
area,  is  the  integral  of  the  current  whicli  has  passed  the  middle 
point  p.  Now  this  current  varies  harmonically  with  the  time, 
as  shown  in  the  time-diagram  T.  This  is  divided  into  four 
equal  parts.  Thus  the  first  represents  (say)  an  upward 
current  rising  from  zero  to  its  maximum  :  this  just  neu- 
tralizes the  jtreviouslv  charged  wire.  Then,  in  the  second 
]»eri()d,  the  continuation  of  the  curriMit  produces  an  e{|ual  and 
()pj)osite  charge,  which  is  a  maximum  when  the  current  has 
become  zero.     In  the  thinl  period,  the  current  in  the  opposite 
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dii'ection  has  again  neutralized  the  chai-oes  by  the  time  that  it 
is  a  maximum  ;  and  in  the  fourth  period,  it  charges  the  upper 
end  negatively  and  has  ceased  to  flow  when  the  negative  charge 
is  a  maximum. 

Now  divide  the  second  period  of  the  time-diagram  of  cur- 
rent, T,  into  ?i  (  =  5  of  3  X  10^")  elements,  and  the  upper  half  of 
the  wire  in  the  quantity-diagram,  Q,  into  the  same  number  of 
equal  parts,  which  will  therefore  each  be  one  centimetre  long. 
Now,  since  the  total  quantity  of  electricity  represented  by  the 
shaded  part  in  Q  is  equal  to  the  time-iutegral  of  the  current 
which  is  represented  by  the  shaded  part  in  diagram  T;  and  since 
also  each  of  these  is  bounded  by  a  quarter-period  of  a  sine 
curve,  and  is  divided  into  an  equal  number  of  elements,  it  is 
clear  that  each  space-element  in  Q,  1,  2,  3, . . .  n,  must  equal  the 
corresponding  time-element  in  T  ;  or,  in  words,  though  the 
quantity  of  electricity  that  has  passed  the  pointy:*  in  the  first 
element  of  time  is  spread  over  the  npper  half  of  the  wire  in  Q, 
and  so  on,  yet  at  the  nth  element  we  may  consider  that  that 
which  passed  during  the  first  element  of  time  is  stored  on 
the  element  1,  that  which  passed  during  the  second  element 
of  time  is  stored  on  the  element  2,  and  so  on.     Now,  since 
the  current-strength  in  the  first  element  of  time  is  1,  and 
since  this  element  of  time  has  been  made  equal  to  l/(^  x  10"') 
second,  the   quantity   of   electricity   on    the   end  centimetre 
of  wire  is  1/(5^  X  10^^)  electrodynamic  unit,  or  1  electrostatic 
unit.     This  will  be  repelled  by  the  wire  opposite  with  the 
same  force  as   that  with   which    the    current  in  the  centre 
element  of  one  wire  will  be  attracted   by  that  in   the  other 
wire,  both  when  each  is  at  a  maximum  and   through  all  the 
harmonic  variations.     In  the  same  way,  the  next  element  near 
the  end  in   Q  will  correspond  to  the  next  element  near  the 
middle  in  C,  and  so  on  over  the  whole  lenoth  of  each  :  and 
so,  since  tlie  electrodynamic  attraction  over  every  element 
in  time  and    space  is   equal  to  the  electrostatic  repulsion  in 
the  corresponding  element,  removed  both  in  time  and  space  by  a 
quarter  period,  the  total  force  due  to  one  is  equal  to  the  total 
force  due  to  the  other.   If  any  other  length  of  wire  is  taken,  and 
of  course  its  corresponding  ])eriod,  since  the  number  or  length 
of  the  elements  in  both  T  and  Q  mubt  vary  together,  the  same 
result  will   follow;  and   if  any  other   strength  of  maximum 
current  is  taken,  the  attractions  and  repulsions  will  be  changccl 
to  an  equal  extent,  and  therefore,  if  two  straight  wires  are 
])laced  so  close  together  that  the  distance  between  them  is 
very  small  compared  to   their  length,  tliev  will,  when  their 
natural   electrical   oscillations  are   induceii    in   tliem,  on   the 
whole  neither  attract  nor  rej>el  one  another. 


Fi-  2. 
^  full  size. 
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It  tollows  from  tliis  that,  if  the  oscillations  be  forced  and 
made  too  slow,  the  accumulation  of  charge  on  the  ends  will  be 
greater  for  a  given  maximum  current  than  it  would  be  if  the 
period  were  natural,  and  therefore  the  repulsion  should  over- 
power tlie  attraction.  In  the  same  way,  with  too  rapid  vibra- 
tions the  attraction  should  overbalance  the  repulsion.  Also 
since,  if  the  wires  are  not  close  together,  the  electrostatic 
repulsion  will  have  fallen  away  in  a  higher  ratio  than  the 
electrodynamic  attraction,  it  would  appear  that  resonators 
which  balance  when  close  should  attract  one  another  when  at 
a  distance,  or  that  resonatoi^s  subject  to  forced  oscillations 
which  repel  when  near  might  attract  when  at  a  distance. 

Prof.  Fitzgerald,  when  the  above  theory  of  the  mutual 
action  of  resonators  was  ]jut  to  him,  at  once  suggested  that  if 
th<'  molecuh^s  of  a  body  were  subject  to  electrical  oscillations 
it  would  be  ])Ossible  to  in^aginea  |»hysical  cause 
for  their  supjwsed  attraction  when  far,  and 
re])ulsion  when  close. 

In  order  to  test  the  matter  experimentally, 
the  wires  were  made  of  a  cranked  form,  as 
shown  in  fig.  2,  so  that  the  ends  were  on  one 
side  of  a  vertical  axis  (dotted),  ;ind  the  middle 
part  on  the  other  side.  Then,  if  one  is  held 
close  to  the  other,  and  if  the  second  one  is  free 
to  turn  about  the  vertical  axis,  the  attraction  of 
the  centre  and  the  repulsion  of  the  ends  should 
conspire  to  ])roduce  rotation  in  the  same 
direction  *. 

The  first  experiment  was  made  with  a  pair 
of  copper  wires  <nich  one  foot  long,  bent  so 
that  the  end  parts  were  each  2^  inches,  tlie 
middle  j)iirt  f)  inches,  and  the  horizontal  part 
1  inch.  This  was  suspended  in  a  glass  jar  by 
a  (piartz  fibre,  so  that  the  vertical  axis  of 
rotation  was  halfway  between  the  ends  and 
the  middle  ))ortion.    An  ordinary  galvanometer- 

•  It  iiuiy  bt'  worth  lutMitiouing  that  the  invention  of  this  method  was 
made  in  a  particularly  vivid  dream,  in  which  I  found  myself  at  the  black- 
board in  tilt'  ])liy.'<ical  lecture-room,  exnlaininir  that  if  the  two  wires  were 
close  together,  tlu>  currents  in  each  w nuld  be  going  up  and  down  tegetlier, 
and  so  would  attract  one  another,  and  that  in  order  to  make  this  attrac- 
tion evident,  the  wire  should  be  su>iiended  near  the  axis  of  rotation,  for 
the  reason  that  wlieri-  quart/.-libres  can  be  employed  there  is  a  greater 
gain  owing  to  the  reduction  of  moment  of  inertia  than  loss  by  veituc- 
tion  of  stati<'al  monuMit.  1  did  not  in  the  dream  see  that  the  charges 
siiould  repel,  or  the  necessity  for  the  cranked  t'orm  of  wire.  I  may  say 
that  this  was  after  Mr.  (.iregory  had  de.*cribed  his  instrument,  but  the 
idea  of  looking  for  mutual  attraction  between  a  pair  of  resonators  had 
not  U't'ore  oiviuTed  to  nic      ( '.  \'.  11. 
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mirror  \vas  attiiclied  to  the  n'oid  glass  hook  from  which  tlie 
wire  was  siis])en(led,  and  thi.s  could  be  seen  through  a  ])late- 
glass  window  in  a  torsion-box  above  the  jar.  The  oscillator 
consisted  of  two  pieces  of  brass  tube  half  an  inch  in  diameter 
with  hemis})herical  ends,  each  6  inches  long  in  all.  This  was 
})]aced  in  a  vertical  position  two  or  three  feet  away  from  the 
wires,  and  in  the  plane  of  the  suspended  wire,  so  that  it 
should  not  act  directly  upon  it.  The  two  parts  of  the  oscil- 
lator were  connected  l)y  very  fine  wires  with  the  tei'minals  of 
a  Voss  machine.  Then  it  was  found  that  when  the  halves  of 
the  oscillator  were  separated  too  far  for  a  spark  to  pass,  tliere 
was  no  deflexion,  while  when  they  were  gradually  made  to 
a[)proach  one  another,  no  motion  was  visible  on  the  scale  until 
sparks  passed,  and  then  the  motion  was  evident  enough,  the 
light  even  going  in  favourable  cases  off  the  scale  in  the  right 
direction. 

However,  this  was  only  a  preliminary  experiment  made 
with  materials  at  hand.  It  was  clear  that  the  material  which 
was  most  suitable  was  that  wdiich  had  the  highest  conductivitv 
for  its  density,  namely,  aluminium,  and  that  onlv  the  outer 
surface  of  the  wire  could  be  efficacious,  since  the  oscillations 
were  at  the  rate  of  about  500,000,000  a  second.  Accordingly, 
thick  aluminium  wire  was  rolled  into  thin  ribbon,  which  was 
then  drawn  through  successive  holes  in  a  draw-plate  until  a 
perfect  tube,  cracked  down  one  side  of  course,  was  formed. 

We  used  resonators  made  of  this  material  in  the  next  ex- 
periments, which  were  made  with  the  view  of 
seeing  whether  the  couple  observed  was  due 
equally  to  the  repulsion  of  the  ends  and  attrac- 
tion of  the  centre,  or  if  one  preponderated  over 
the  other.  The  fixed  cranked  resonator  was 
then  replaced  by  a  straight  one,  which  was 
held  at  first  close  and  opjtosite  to  the  ends  of 
the  suspended  cranked  resonator,  when  a 
strong  rej)idsion  was  observed,  as  expected.  It 
was  then  held  in  the  corresponding  position 
opposite  the  centre  part,  when,  instead  of  the 
expected  attraction,  feeble  repulsion  was  ob- 
served ;  and  finally,  on  being  placed  eijuidistant 
from  the  two,  the  ends  were  repelleil  away. 

Since  this  appeared  to  show  that  the  elec- 
trostatic ie})ulsion  was  nmch  greater  than  the 
electrodynamic  attraction,  we  tried  the  following 
experiment,  in  which  the  electrostatic  action 
was  reduced  to  i)ractically  nothing.  A  ])air  of 
resonators  were  made  of  the  form  shown  in 
fig.  3,  and  one  was  weighted  with  a  non-conductor  and  sns- 
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pended  so  that  the  straight  part  was  in  tlie  axis  of  rotation. 
The  other  was  tlicn  lield  witli  the  curl  close  and  parallel  to 
the  curl  of  the  other,  and  so  that  at  first  the  current  in  each 
should  go  round  the  same  way,  and  then  in  opposite  ways. 
No  action  was  observed  in  either  case.  When  also  cranked 
or  straight  resonators  were  entirely  immersed  in   water,  no 

11*' 

effect  at  all  was  observed. 

^Vo  have  given  a  short  account  of  the  early  experiments 
because  at  first  they  were  so  completely  in  accord  with  the 
result  of  the  theory  put  forward,  though  the  action  was  more 
powerful  than  had  been  expected,  that  for  a  time  we  were 
deceived  as  to  the  real  cause,  and  we  wish  to  guard  others 
from  falling  into  what  is  after  all  a  very  obvious  error.  The 
later  experiments  showed  either  that  the  theory  was  only 
true  as  regards  electrostatical  rei)ulsion,  the  electrodynamic 
attraction  of  the  momcnt;iry  currents  being  nil,  or  else  that 
the  results  already  obtained  were  spurious. 

We  have  stated  that  the  two  resonators  were  suspended  in 
a  gloss  jar,  outside  which  the  primary  oscillator  was  placed, 
and  that  while  no  repulsion  was  observed  during  the  gradual 
charging  of  the  oscillator-ends  to  a  higher  potential  than  that 
employed  with  the  sparks,  yet  the  moment  the  sparks  passed 
when  the  ends  were  nearer  together,  the  suspended  resonator 
was  observed  to  move  in  the  expected  direction.  Xow  if  the 
glass  jar  were  a  conductor,  the  oscillator-ends  might  be 
charged  to  any  extent  and  no  action  would  be  felt  inside  ;  if, 
on  the  other  hand,  it  were  a  perfect  insulator,  then  during  the 
charging  of  the  oscillator-ends  before  the  spark  the  resonators 
would  have  induced  charges  in  their  ends  which  would  make 
them  repel  one  another.  The  glass  jar  exposed  to  the  mois- 
ture of  the  air  was  a  sufficiently  good  conductor,  on  its  outer 
surface  at  any  rate,  to  be  able  to  screen  the  statical  action  of 
the  chariies  on  the  oscillator-ends  which  were  by  the  arrancje- 
ment  only  slowly  made  to  vary,  and  so  the  repulsion  which 
might  have  been  looked  for  was  not  observed  ;  but  the 
moment  a  spark  ])assed  in  the  primary,  the  conditions  were 
changed.  The  fall  of  potential  was  instantaneous,  but  the 
screening  charge  on  the  glass  surface,  which  the  previous 
moment  produced  within  the  jar  an  effect  equal  and  opposite 
to  that  of  the  charges  on  the  oscillator-ends,  was  unable 
instantly  to  disappear  owing  to  the  imj)erfectly  comlucting 
surface  of  the  damp  glass,  and  thus  at  this  moment  the  reso- 
nators were  in  the  condition  that  they  would  have  been  in 
had  there  been  suddenly  developed  on  the  oscillator-ends 
equal  and  o|)posite  i-harges,  but  with  no  glass  jar  between. 
This  then  was  the  cause  of  the  repulsive  impulse  which  was 
observed  at  each  spurk   when    they  followed  one  another  at 
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intervals.  When,  however,  a  torrent  of  sparks  was  produced, 
the  glass  surface  would  take  up  a  screening  charge  equivalent 
to  the  mean  charge  on  the  oscillator-ends  ;  then,  when  the 
oscillator-ends  had  charges  either  above  or  below  the  mean 
charge,  the  statical  action  on  the  resonators  would  be  the  same 
as  that  due  to  the  excess  or  defect  on  the  oscillator,  so  that  the 
steady  repulsion  observed  was  due  to  induction  alone,  and  had 
nothing  whatever  to  do  with  electrical  oscillations  proper. 

In  order  to  perfectly  screen  off  this  induction  effect,  and 
yet  leave  the  action  of  the  true  electrical  oscillations,  it  wus 
necessary  to  so  increase  the  conductivity  of  the  surface  of  the 
glass  jar  that  it  would  have  time  to  acquire  a  screening  charge 
which  should  follow  variations  of  potential  accompanying  the 
sparks  at  the  rate  of,  saj,  10  or  20  a  second,  and  yet  leave  it 
so  imperfect  as  to  be  practically  an  insulator  to  oscillations  at 
the  rate  of  500,000,000  a  second,  which  corresponded  to  the 
apparatus  in  use. 

Prof.  J.  J.  Thomson  lias  shown*  that  the  conductivity  of 
liquids  maybe  determined  by  finding  wluit  thickness  of  a  sheet 
of  liquid  is  just  sufficient  to  prevent  oscillations  of  a  known 
rate  from  exciting  a  resonator  on  the  other  side,  and  that  the 
thickness  must  be  proportional  to  the  specific  resistance. 
For  instance,  he  found  that  a  layer  of  dilute  sulphuric  acid 
three  or  four  millimetres  thick  was  just  opaque  to  oscillations 
at  the  rate  of  100,000,0(JO  a  second.  It  would  therefore 
require  a  greater  thickness  to  be  opaque  to  oscillations  of 
500,000,000  a  second,  and  a  very  much  greater  thickness  for 
water  to  be  opaque  to  oscillations  of  this  rate.  A  duster, 
therefore,  soaked  in  water,  though  it  might  reflect  some 
fraction  of  this  radiation,  should  be  practically  transparent  to 
it.  Nevertheless  a  wet  duster  would  be  amply  sufficient  to 
screen  the  action  of  true  harmonic  variation  of  potential  of 
the  frequency  of  the  sparks,  i.e.  10  or  20  a  second.  As  a 
matter  of  fact,  these  variations  of  potential  are  not  simply 
harmonic,  but  since  by  Fourier's  principle  the  non-harmonic 
periodic  change  is  equivalent  to  a  series  of  true  harmonic 
changes  at  successively  higher  rates  all  superposed,  the  wet 
duster  should  conq)letely  screen  all  the  lower  of  these  com- 
ponents up  to  a  certain  point,  and  probably  far  enough.  On 
wraj)ping  up  the  jar  with  a  wet  duster  all  effect  was  found  to 
cease,  and  ihe  spurious  character  of  the  deflexions  was  de- 
monstrated. It  is  possible  that  these  are  not  the  only  experi- 
ments with  electrical  oscillations  in  which  a  wet  duster  or  its 
equivalent  might  be  found  of  service. 

The  apparatus  was  then  remade  with  the  view  of  obtaining 

*  Proc.  Roy.  Soc.  vol.  xlv.  p.  269. 
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very  ^reat  delicacy.  To  make  the  resonators  aluminium  Avire 
was  rolled  into  riljlton  of  "2  X  '001  centiin.,  so  that  each  centi- 
metre in  length  weighed  only  half  a  milligram.  Two  pieces 
30  centim.  long  were  fastened  in  the  cranked  form  previous]}' 
described  on  very  light  frames  made  by  cementing  to  almost 
capilhu-y  thin  glass  tubes  cross  bars  cut  from  microscope  cover- 
glass,  so  that  the  ends  of  these  cross  bars  held  the  corners  of 
the  cranked  pieces  of  aluminium  ribbon.  One  of  these  was 
suspended  in  the  same  apparatus  by  a  fine  quartz  fibre,  and 
all  was  arranged  with  the  view  of  obtaining  a  delicacy 
comparable  with  that  employed  by  one  of  us  in  the  Cavendish 
exj)erinient.  It  was  now  imi)Ossible  to  keep  the  spot  of  light 
at  rest,  owing  mainly  to  air-currents  in  the  jar  set  up  by 
dift'ercnces  in  temj)erature  of  the  sides  of  the  jar  which  could 
not  be  avoided  in  the  schools,  and  also  to  the  ])erpetual 
tremor.  In  the  winter,  however,  the  elementary  laboratory 
on  the  other  side  of  the  Exhibition  Road  was  not  being  used, 
and  so  everything  was  transferred  to  a  small  room  there, 
where  a  fair  degree  of  cpiiet  and  uniformity  of  temperature 
could  be  obtained.  The  Voss  machine  was  replaced  by  a 
large  induction-coil,  which  gave  a  greater  torrent  of  sparks. 
Then,  to  get  more  energy  in  each  spark,  the  primary  oscillator, 
made  of  12  millim.  tube,  was  replaced  by  a  pair  of  spheres 
100  millim.  in  diameter,  with  small  s^jheres  on  short  sliding 
rods,  between  which  the  sparks  passed.  The  scale  was  placed 
at  a  distance  of  281  centim.  from  the  mirror.  Then,  when  the 
wet  duster  was  placed  round  tlie  jar  and  the  sparks  made  to 
pass,  deflexions  of  5  to  10  millim.  were  observed.  Fearing, 
however,  that  even  the  wet  duster  failed  to  completely  screen 
the  induction-effects  due  to  the  rise  and  fall  of  potential  of 
the  primary  or  rather  some  of  the  higher  harmonics  already  al- 
ludt'd  to,  we  soaked  it  in  dilute  suljihuric  acid  instead  of  water, 
so  that  no  doubt  should  exist  as  to  its  sufficient  conductivity  to 
quench  the  sham  efi'ect  while  it  still  remained  unable  to  stop 
more  than  a  small  proi)ortion  of  the  waves  of  500,000,000  a 
second.  With  this  precaution  all  definite  movement  of  the 
spot  of  light  ceased.  It  was  seldom  that  air-currents  did  not 
cause  a  gentle  hovering  of  the  index  a  few  millimetres 
either  way,  which,  however,  had  no  relation  to  the  starting  or 
stop})ing  of  the  sparks ;  on  one  or  two  frosty  days,  however, 
when  tlu'  temperature  was  very  uniform,  there  being  no  fire,  the 
spot  of  light  was  so  steady  that  a  movement  of  even  j^q  millim. 
on  the  scale  would  have  been  observed,  but  we  have  based 
our  calculation  on  the  certainty  that  the  deflexion  was  not 
J  millim. 

In  order  to  make  sure  that  this  was  a   true  negative  result 
the  (Inciter  was  removeil.  when  at  once  the  indi'x  was  driven 
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violently  off  the  scale,  and  then  a  Hertz  resonator  tuned  to 
the  oscillations  of  the  primary  was  placed  in  the  Jar  and 
surrounded  by  the  same  acid  duster  when  the  sparks  in  the 
gap  were  evident,  showing  that  the  proper  electromagnetic 
waves  did  penetrate  into  the  jar  as  supposed. 

Theturningmomentcorresi)onding  to  a  deflexion  of  \  millini. 
may  be  found  from  the  tollowiug  particulars  : — 

Period  of  oscillation  of  mirror  and  stem  (oscillator  re- 
moved), '947  second. 

Period  of  oscillation  with  wire  ring  hung  on,  4"lo  second. 

(Wire  ring  1"6  centim.  diameter  outside,  made  of  wire 
•122  centim.  in  diameter;  mass  '4635  gramme.)     Hence 

Coupler  1-1  X  10-°  C.G.S.  units,  and 

Average  value  of  couple  =  3' 7  x  10"^  C.G.S.  units 
per  centim.  of  wire  of  resonator, 
which  corresponds  to  a  force  of  about  3x  10"'^  dynes,  since 
the  distance  from  the  axis  is  1^  centim.  This  is  less  than  a  two- 
hundred-millionth  of  the  weight  of  a  grain,  or  a  three-thousand- 
millionth  of  the  weight  of  a  oramme. 

Since  the  wires  were  only  '2  centimetre  a[)art,  this  shows 
that,  if  the  currents  in  the  wires,  instead  of  being  oscillating, 
had  been  simply  ordinary  steady  currents,  those  currents  could 
not  have  reached  the  value  of '00017  C.G.S.  electromagnetic 
unit  or  "0017  ampere. 

Now  the  moment,  if  the  theory  advanced  is  correct,  is  due 
partly  to  electrostatic  repulsion  and  to  electrodynamic  attrac- 
tion which  are  e(|ual  to  one  another,  but  owing  to  the  harmonic 
distribution  of  both,  both  in  time  and  in  position,  and  owing 
to  the  fact  that  the  weaker  part  of  each  of  these  forces  is 
tending  to  counteract  the  stronger  part,  the  total  average 
resultant  force  is  by  no  means  double  or  even  equal  to  that 
due  to  a  steady  current  alone  of  a  strength  equal  to  the  actual 
maxinnim. 

To  find  the  relation  it  is  nt'cessary  to  first  consider  the 
effect  of  the  harmonic  distribution  of  either,  say  the  current, 
along  the  wire.  The  square  of  this  at  any  point  is  a  measure 
of  the  force  at  that  point,  so  that  the  force  varies  from  zei'o 
at  the  ends  to  its  full  value  in  the  middle,  having  passed  its 
half  value  at  the  points  where  the  wi'-o  crosses  the  axis  of 
rotation. 

Thus,  in  fig.  4,  the  ordinates  of  the  upper  curve  a  b  c,  which 
is  lialf  a  sine  curve,  represent  current  strength,  those  of  the 
lower  curve  a  d  h  e  c,  which  is  a  complete  sine  curve  on  half 
the  scale,  but  shifted  vertically  by  the  amount  of  its  own 
maximum  ordinate,  since 
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represent  the  force  due  to  the  current  at  each  point.      The 
rectanguhir  area  f  c/  c  a,  cfjiial  to  'In,  measures  the  total  lorce 
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due  to  a  uniform  current  of  the  maximum  value.  The  areas 
a  d  h  and  eke  are  the  forces  due  to  the  ends  of  the  wires  in  the 
wrong  direction,  and  these  together 
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The  area  hdhek  is  the  force  due  to  the  middle  half  of  the 
wire  in  the  right  direction,  and  this 
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The  difference  of  these,  wliich  is  the  area  dh  e  I,  is  the  balance 
in  the  right  direction,  and  this  =2.  But  the  lorce  due  to  a 
current  of  the  maximum  strength  over  the  whole  length  of 
the  wire  is  27r,  so  the  force  in  the  cranked  conductor  due  to 
the  harmonically  distributed  current  and  the  opposite  etfect 

of  the  ends  is  —  x  that  due  to  uniform  maximum  current  over 

TT 

the  whole  wire.  The  current  is  not  steady,  but  varies  liar- 
monically  with  the  time,  so  on  this  account  the  value  nnist 
be  halved  again,  but  this  halving  is  exactly  balanced  by  the 
doubling  wliich  results  from  the  fact  that  the  electrostatic 
exactly  equals  the  electrodynamic  etfect. 

We  have  seen  that  the  force  was  not  so  great  as  that  due 
to  a  steady  uniform  cift-rent  of  "0017  ampere  :  therefore  the 
maximum  current  in  the  centre  could  not,  if  the  oscillations 
continued  uninterruptedly, liavereached  ihevalueof  \  tt  x  •(•017 
or  •()();)  ampere,  fc^ince  in  the  niost  violent  torrent  of  sparks 
that  can  be  produced  the  time  during  which  the  oscillations 
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last  is  very  small  compared  to  tlie  interval  between  two 
sparks,  it  is  quite  possible,  and  even  probable,  that  the  actual 
current  during  the  earlier  part  of  each  spark  greatly  exceeded 
this,  but  this  is  a  superior  limit  to  the  value  of  the  square  root 
of  the  mean  square  of  the  strength  of  the  current  in  the  par- 
ticular case. 

It  should  be  noted  that  two  errors,  each  of  which  is 
numerically  insignificant,  have,  for  convenience,  been  made. 
One  is  the  supposition  that  the  forces  on  the  elements  near  the 
ends  of  the  resonators  are  the  same  as  though  they  were  con- 
tinued together  with  the  stationary  w^ave.  As  a  matter  of 
fact,  it  is  only  the  last  few  millimetres  for  which  there  is  a 
falling  otf.  The  second  error  is  made  by  supposing  that  the 
middle  half  of  the  wire  is  all  at  one  distance  from  the  axis 
on  one  side,  and  the  two  end  quarters  at  an  equal  distance 
from  the  axis  on  the  other  side.  As  a  matter  of  fact,  the  wire 
has  to  cross  over,  but  as  the  two  forces  almost  exactly  balance 
on  the  small  part  which  crosses  the  axis,  it  was  not  worth 
while  to  complicate  the  simple  statement  of  conditions  illus- 
trated by  fig.  4  for  the  sake  of  an  imaginary  degree  of 
accuracy  which  the  nature  of  the  observations  would  not 
justify. 

Second  Met]u>d. 

As  the  first  method,  carried  out  with  all  the  delicacy  which 
under  the  conditions  we  could  make  use  of,  gave  no  promise, 
we  determined  to  find  by  some  direct  process  whether  the  heat 
which  Mr.  Gregory  had  inferred  from  the  expansion  of  the 
wire  was  real.  For  this  purpose  we  made  use  of  one  of  the 
most  delicate  heat-measuring  instruments  that  exist,  which  is 
s])ecially  suitable  for  detecting  very  small  quantities  of  heat 
difl'used  over  a  great  length  of  wire,  namely  the  convection 
air-thermometer  of  the  late  Dr.  Joule*.  With  this  instru- 
ment he  was  able  to  detect  the  direct  heating-effect  of  the 
moon's  rays  unconcentrated  by  lens  or  mirror. 

His  instrument  consisted  of  a  tube  about  2  feet  long  and 
4  inches  in  diameter,  divided  longitudinally  by  a  blackened 
pasteboard  diaphragm,  leaving  spaces  at  the  top  and  bottom. 
In  the  top  space  a  piece  of  magnetized  sewang-needle,  fur- 
nished with  a  glass  index,  was  suspended  by  a  single  silk  Hbre. 
Any  excess  of  temperature  on  one  side  of  the  partition  caused 
an  air-current,  which  at  the  top  passed  from  the  hot  to  the 
cold  side  and  deflected  the  needle. 

*  Proc.  Manchester  Phil.  Soc.  vol.  iii.  p.  73. 
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Wc  have  made  use  of  Joule's  instrnment,  not  exactly  in  the 
orifi-inal  form,  but  with  two  classes  of  index,  and  with  an 
essential  improvement  which  makes  it  extraordinarily  sen- 
sitive without  greatly  affecting  its  simplicity.  The  first  class 
of  index  depends  for  its  working  on  the  fact  that  when  a  small 
piece  of  pliosphoriis  is  placed  in  air  it  gradually  oxidizes,  and 
the  oxide  formed  slowly  falls,  if  the  air  is  still,  in  a  well-defined 
column,  ap])earing  like  smoke.  If  there  is  any  very  small 
motion  of  the  surrounding  air,  this  column  of  phosphorous 
oxide  will  be  deflected.  It  thus  forms  an  excessively  de- 
licate and  light  index  for  detecting  movements  in  the 
air. 

To  overcome  the  difficulty  of  keei)ing  the  index  at  rest, 
owing  to  radiation  from  neighbouring  bodies  or  to  draughts 
of  varying  temperatun?,  we  have  surrounded  the  divided  tube 
by  another,  which  was  ke[)t  rotating  continuously  by  clock- 
work. If  any  part  of  this  guard-tube  becomes  slightly  heated, 
it  is  carried  round  and  made  to  heat  the  instrument  equally  all 
round,  and  so  it  produces  no  effect. 

As  the  determination  on  theoretical  grounds  of  the  most 
suitable  dimensions  presents  considerable  difficulties,  we 
decidetl  to  make  a  series  of  tubes  of  different  sizes  and 
compare  their  sensibility.  The  object  of  the  instrument 
being  to  measure  the  heat  developed  by  the  electromagnetic 
radiation  in  a  wire  withiu  the  instrument,  it  was  necessary 
to  make  both  the  tube  and  guard-tube  of  some  insulating 
material,  such  as  glass. 

The  tube  to  be  used  was  cleaned,  and  a  roll  of  brown  paper 
about  1  inch  long  was  pasted  round  one  end.  This  fitted 
tightly  into  a  mahogany  ring,  D  (Plate  V.  fig.  5).  The 
tube  was  divided  longitudinally  by  a  partition  of  card- 
board (F),  which  was  made  to  fit  tightly  into  the  tube.  This 
partition  extended  from  the  bottom  to  within  alH)ut  an  inch 
of  the  top,  which  end  was  closed  by  a  cork. 

The  projecting  end  of  the  mahogany  ring  (D)  fitted  into  a 
correspontling  hole  in  a  piece  of  wood  (E),  which  was  itself 
supported  on  two  blocks  (A  and  B).  The  tube  (represented 
by  the  dotted  circles  in  the  plan,  rig.  (I)  came  directly  over 
this  space  between  A  and  B,  the  partition  being  parallel  to 
their  adjacent  faces. 

Betwt>en  A  B,  and  iii*niediateiy  beueath  the  tube,  two  glass 
semi-cylinders  were  placed,  with  their  convex  surfaces  facing 
each  other.  They  are  shown  in  |>lan  in  fig.  t!  (M  N),  and 
one  is  shown  in  perspective  in  fig.  7.  At  2  centim.  from  the 
top  of  one  of  these  semi-eylinders  a  small  [)aj)er  scale  (fig.  5), 
divided  in  hall-niillimeires,  was  attached.      When  u  current 
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of  air  passes  from  one  side  of  the  tube  to  the  other,  it  has  to 
pass  through  the  narrow  space  between  these  cylin(k!rs. 

A  hole  was  bored  through  the  top  of  13,  through  which  a 
capillary  glass  tube  could  be  passed.  This  tube  was  filled 
with  phosphorus,  and  the  glass  broken  away  for  about  one 
milliniotre,  so  as  to  expose  a  clean  piece  of  phosj)liorus  when- 
ever the  stream  of  oxide  had  to  be  observed.  The  tube  was 
then  passed  through  the  hole  (K),so  that  the  exposed  piece  of 
phosphorus  came  just  beneath  the  ])artition  and  between  the 
glass  cylinders.      It  is  shown  in  place  at  H  in  fig.  5. 

By  this  means  the  stream  of  phosphorous  oxide  was  formed 
at  the  narrowest  part  of  the  air  channel,  and  so  was  afi'ecteil 
to  the  maximum  extent  by  any  passage  of  air  from  one  side 
of  the  partition  to  the  other.  The  resulting  defiexion  of  the 
ph()«;])horous-oxide  stream  could  be  read  with  an  accuracy  of 
about  one-tenth  millimetre.  In  this  form,  wdten  the  phosphorus 
index  is  deflected  it  is  carried  to  a  part  where  the  channel  is 
much  wider,  owing  to  the  curvature  of  the  glass  half-cylinders. 
On  this  account  the  deflexion  of  the  index  is  not  any  simple 
function  of  the  rate  at  which  the  air  is  passing.  With 
a  view  to  do  away  with  this  want  of  proportionality,  and 
also,  if  possible,  to  render  the  instrument  more  sensitive,  the 
glass  half-cylinders  were  replaced  by  a  pair  of  narrow  flat 
glass  plates, 'near  together,  with  a  wide  channel  on  each  side 
communicating  with  the  tube  above.  The  instrument  was, 
however,  found  to  be  less  sensitive  in  this  form  than  when  the 
half-cylinders  were  used. 

The  sensitiveness  of  the  instrument  could,  to  a  certain 
extent,  be  altered  by  moving  M  and  N  (fig.  6)  further  apart, 
so  that  the  phosphorus  stream  fell  in  a  wider  channel. 

The  divided  tube  was  surrounded  by  another  glass  tube 
(G,  fig.  5),  which  was  about  10  centimetres  longer.  This 
formed  the  guard-tube,  and  was  sus[)ended  from  one  of  the 
axles  of  a  clock  (K,  fig.  11),  which  made  one  revolution  in 
about  eight  seconds. 

By  means  of  three  levelling-screws  the  guard-tube  was 
made  to  hang  free  of  the  inside  tube,  so  that  it  did  not  touch 
it  at  any  part  of  its  revolution.  Thus  no  heat  due  to  friction 
was  de\eio[)ed  near  the  divided  tube. 

The  phos[)horus  could  not  be  placed  at  the  top  of  the  tube, 
as  the  tailing  colunm  of  oxide  was  found  to  go  on  one  side  of 
the  partition,  and  its  weight  was  sufficient  to  keep  up  a  down- 
current  of  air  on  this  side  and  an  up-current  on  the  other  side, 
and  so  make  the  instrument  unstal)le. 

Inside  th(!  divided  tube,  and  on  one  side  of  the  partitioiij 
two  Hue  [tkitinum  wires  were  stretched,  reaching  from  the  top 
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to  the  bottom.  They  were  connected  together  at  the  top,  anci 
at  tli(^  Ijottom  were  broiif^lit  out  and  connected  to  two  binding- 
screws  fixed  on  the  ring  D  (fig.  5).  By  means  of  this 
wire,  whose  resistance  was  measured,  a  known  am.ount  of 
heat  could  be  developed  in  the  tube  by  passing  a  current  of 
known  intensity.  The  current  was,  in  all  the  experiments, 
suj)])]i('d  })y  a  single  Daniell  cell,  which  contained  in  its 
circuit,  l)eside  the  wire  of  the  instrument,  a  resistance-box 
and  a  key. 

The  clock  was  ke})t  working  for  about  half  an  hour  before 
the  commencement  of  an  experiment,  in  order  to  equalize  the 
temperature  within  the  tube  ;  and  then  a  fresh  piece  of  phos- 
phorus was  introduced.  When  the  phosphorus  index  was 
quite  steady,  and  approximately  at  the  centre  of  the  scale,  the 
reading  was  taken  (zero-reading),  then  resistance  was  un- 
plugged in  the  box,  and  the  current  passed  till  the  index  had 
again  come  to  rest.  The  current  was  then  stopped,  and 
another  zero-reading  taken. 

In  testing  the  different  tubes  the  largest  resistance  which 
would  give  a  readable  deflexion  was  in  each  case  ascertained. 
The  resistance  of  the  cell  and  the  connecting-wires  could  be 
neglected  in  comparison  with  the  external  resistance. 

In  the  different  tubes  the  total  heat  developed  was  not  the 
same  when  the  same  current  was  passed,  as  the  wires  were  of 
different  lengths.  This,  however,  was  not  taken  into  account 
in  comparing  the  tubes  together,  as  for  the  measurement  of 
the  electromagnetic  radiation  it  was  necessary  to  get  the 
greatest  possible  sensitiveness  per  centim.  of  tbe  wire. 

It  is  hardly  necessary  to  give  particulars  of  the  different 
tubes  ex})erimented  upon.  It  is  sufficient  to  say  that,  while 
the  length  of  the  tube  was  of  little  consequence,  it  was  found 
that  a  wide  tube  was  much  more  sensitive  than  a  narrow  one. 
The  results  obtained  in  a  ])articular  case  are  given. 

Tube  No.  '6  :■ — Length  82,  diameter  5  centimetres.  Re- 
sistance of  wire  2D  ohms  ;  outside  resistance  500  ohms. 
Deflexion  1  niillimetre. 

To  calculate  the  amount  of  heat  corresponding  to  this 
deflexion,  we  have,  taking  the  E.M.F.  of  a  Daniell  cell  as 
1  volt, 

Heat  developed  per  sec.  =  -    - 

29  1 

=       %>  X    .   ,  =  -000,02^  calorie 
52y'|^       4-2  ' 

over  the  whole  length  of  the  tube,  or  •000,00(^0  calorie  per 
centimetre  of  the  tube. 
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While  this  very  small  degree  of  heatinor  was  within  the 
range  of  experimental  certainty  so  long  as  the  clockwork  was 
going,  it  was  impossible  to  keep  any  index  visible  at  all  when 
the  clock  had  stopped,  even  though  several  concentric  screens 
were  placed  round  the  tube. 

The  apparatus  in  this  form  w\as  subject  to  the  great  fault 
that  the  phosphorus  refused  to  form  the  oxide  at  a  temj)erature 
below  15°  C,  which  prevented  the  instrument  being  used  on 
many  days. 

With  the  view  of  getting  over  this  difficulty  with  the 
phosphorus  index,  and  if  possible  of  obtaining  greater  sen- 
sitiveness, a  form  of  index  was  adopted  which  was  a  modifi- 
cation of  Dr.  Joule's  arrangement. 

The  tube  was  closed  at  each  end,  the  partition  reaching 
right  up  to  the  cork  at  the  top  and  leaving  a  space  of  about 
fifteen  centimetres  at  the  bottom.  Twelve  centimetres  below 
the  top  of  the  partition  a  hole  was  punched  in  the  card.  Into 
this  hole  a  short  cylinder  of  paper  was  glued.  This  is  shown 
at  A  in  figs.  8  &  9.  A  plane  mirror,  M,  fitted  into  this  tube, 
allowing  about  1  millimetre  clearance  all  round.  It  was 
fastened  to  a  cross  bar,  at  the  other  end  of  which  a  counter- 
poise (W)  was  fixed. 

The  mirror  and  counterpoise  were  suspended  by  a  fine  quartz 
fibre  from  a  pin  (E,  fig.  8),  which  passed  through  the  cork 
used  to  close  the  tube.  When  the  mirror  is  at  rest  it  almost 
completely  fills  up  the  hole  in  the  partition,  and  forms  a  very 
delicate  means  of  detecting  any  differences  of  pressure  in  the 
air  at  the  t-\vo  sides  of  the  partition. 

A  small  recess  (B,  fig.  9)  was  made  in  the  partition  for  the 
counterpoise,  and  covered  in  so  that  it  was  not  exposed  to  the 
current  of  air.  The  arrangement  is  shown  in  elevation 
in  fig.  8,  and  in  section  through  K  L  in  fig.  9.  Fig.  10 
shows  the  mirror  and  counterpoise  separately.  A  hole  was 
ground  in  the  tube  immediately  in  front  of  the  mirror,  into 
which  a  lens  of  a  metre  focal  length  was  cemented. 

In  this  form  of  the  instrument  the  guard-tube,  if  continuous, 
would  have  prevented  the  formation  of  a  clear  image.  It 
was  therefore  necessary  to  divide  it  into  two  portions.  Rings 
of  mahogany  (N,  fig.  11)  were  cemented  to  the  top  of 
the  lower  portion  and  to  the  top  and  bottom  of  the  upper. 
The  two  lings  Nj  N2  were  connected  together  by  three  bolts, 
of  such  a  length  as  to  leave  a  space  of  about  two  centimetres 
between  the  rings.  This  break  in  the  guard-tube  came  just 
on  a  level  with  the  mirror,  and  thus  allowed  the  beam  of  light 
to  })ass  freely.  The  passage  of  the  bolts  before  the  mirror 
produced  no  inconvenient  ettect  on  the  image  formed  on  the 
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scnle.  Tho  ends  of  the  wiro  wore  brought  out  at  the  hottoin 
ot'tho  tube,  leavinf^  about  half  an  inch  free.  When  usinff  a 
eonlinuous  current,  two  brass  clips  (A,  fig.  11)  were  placed 
on  these  ends  so  as  to  connect  them  to  a  pair  of  l)inding-screws. 
When  using  the  oscillator  these  clips  were  turned  down  (as 
in  the  Hgnre),  so  that  the  wire  should  not  bo  connected  with 
any  body  having  capacity. 

The  following  are  tho  dimensions  of  this  tube  (Xo.  4)  : — 

Ijcngth  12(5  centimetres,  diameter  4"7  centimetres. 

Length  of  wire  2  x  103  centimetres. 

Itesistanco  of  wire  38  ohms. 

Diameter  of  guard-tube  7  centimetres. 

Diameter  of  mirror  1*2  centimetre. 

Length  of  fibre  JJ  centimetres. 

As  shaking  interfered  with  the  working  of  the  instrument, 
tho  experiments  were  performed  in  a  vault,  which,  however, 
was  by  no  means  steady. 

The  following  are  the  results  obtained  when  testing  the 
sensibility  of  the  instrument  (scale  at  100  centimetres  from 
mirror) : — 


Added  Eesistance. 

Total  Resistance. 

Deflexion. 

ohms. 
oOO 

762 

ohius. 
538 

800 

centimetres. 

It; 

In  the  case  of  800  ohms  total  resistance  we  have 
Heat  develo])ed  in  wire  per  sec.  =  ^^^=~r,  x  -,—: 

=  •000,014  calorie. 

This  is  equivalent  to  one  calorie  developed  in  19  hrs.  42  min. 
Or  we  may  say  that  one  calorie  [ler  day  developed  by  the  whole 
wire  could  certainly  be  detected  ;  that  is,  one  calorie  in 
103  days  ])er  centimetre  of  tube. 

The  oscillator  used  to  set  up  tho  electromagnetic  radiation 
consisted  of  two  hollow  brass  cylinders  (D  E,  tig.  11), 
fixed  to  ebonite  cross  ])ieces  (F,  C),  whith  could  i)e  placed  at 
different  heights  in  a  wooden  stand.  Short  brass  cylinders, 
w  ith  well-rounded  enils,  titted  into  tho  ends  of  D  and  E,  and 
allowed  the  length  and  sparking-distancc  to  be  altered.  These 
cylinders  were  connected  by  very  line  wire  with  the  terminals 
of   the   large    iiuhmkortf's   coil    belonging    to    the    l'ln>ical 
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Laboratory.  The  Icnntli  of  tlie  oscillator  was  the  same  as  tint 
of  either  of  the  wires  in  the  tube,  and  it  was  placed  so  as  to  be  in 
the  j)Iane  of  the  partition  of  the  tub^,  at  a  distance  of  al)oat 
30  centimetres  (fi(^.  11).  Th(i  best  length  of  spark  was  about 
half  a  centimetre. 

At  first,  on  separating  the  knobs  of  the  oscillators,  so  that 
no  spark  passed,  the  instrument  showed  a  large  deflexion  in 
the  direction  of  cold.  This  was  due  to  electrostatic  attraction 
between  the  oscillator  and  the  mirror.  To  prevent  this  action 
a  ])iece  of  tin-foil  (E  F  G  H,  tig.  8)  was  pasted  round  the 
tube  at  the  level  of  the  mirror,  a  hole  being  cut  in  it  the 
size  of  the  lens,  which  effectually  put  a  stop  to  this  action. 

The  instrument  now  indicated  a  considerable  amount  of 
heat  developed  in  the  wire  whenever  the  coil  was  worked. 

The  effect  of  altering  the  capacity  of  the  oscillator  by  adding 
liieces  of  tin-foil  to  the  ends  was  tried,  but  with  no  beneficial 
result. 

A  wet  duster  was  hung  between  the  oscillator  and  the  in- 
strument for  the  purpose  of  seeing  wdietherthe  radiation  would 
pass  through.  The  deflexion  produced  was  only  slightly  less 
than  w  hen  no  duster  was  interposed. 

In  order  to  measure  the  heat  developed  by  the  induced 
currents  in  the  wire,  the  deflexion  })roduced  when  the  coil 
was  worked  was  noted  ;  then  a  steady  current  was  sent 
through  the  wire,  and  the  resistance  in  the  circuit  altered  till 
an  equal  deflexion  was  obtained.  The  readings  obtained  with 
the  oscillator  were  somewhat  varied,  owing  to  small  changes 
in  the  character  of  the  sparks.  Another  difficulty  was  caused 
by  the  coil  often  refusing  to  work  continuously  for  the  time 
necessary  to  get  a  reading  (about  1^  minute),  as  the  contact- 
breaker  became  burnt  by  the  sparks. 

The  following  are  the  deflexions  obtained  in  centimetres  : — 

45  ;    44;    37  ;    36;    35-0  ;    30-9;    44-8; 
45-5  ;    40-2  ;    40-2  ;    39. 

Mean  40*4  cent'im. 

One  Daniell  cell  working  through  a  total  external  resist- 
ance of  115  ohms  gave  the  following  deflexions  : — 

41-0;   40-0;    39-3;    40'0 ;    41-0. 

Mean  40*3  centim. 

We  may  therefore  say  that  the  heating-effect  due  to  the 
oscillations   (oscillator  at  30  centim.)    is   equal   to  that  pro- 
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(luceJ  by   one  Daniell  cell  wlien  the  external  resistance  is 
115  ohms,  and  the  working  resistance  38  ohms. 
Therefore  the  heat  produced  per  sec. 

38  1       ,    . 

=  115p''4^^^  '' 

=  •000685  calorie; 

or  it  would  take  24  minutes  20  sec.  to  produce  one  calorie. 

The  steady  E.M.F.  between  the  terminals  of  the  wire 
which  ])roduces  the  same  effect  as  the  oscillations  is  '33  volt. 
Mr.  Gregory  gives  '5  volt  as  the  equivalent  E.M.F.  in  his 
ex[)criments.  Though  the  conditions  were  not  sufHciently 
similar  to  make  the  numerical  results  strictly  com])arable, 
nevertheless  the  fact  that  the  figures  obtained  are  of  the  same 
order  goes  to  show  that  the  expansion  observed  by  Mr, 
Gregory  vvas  a  true  expansion  due  to  heat,  and  that  his  results 
were  real. 

In  calculating  from  the  heat  developed  the  mean  square 
of  the  current  produced  in  the  wire  by  the  electrical 
oscillations,  it  is  necessary  to  take  into  account  the  fact  that 
these  rapidly  alternating  currents  are  not  uniformly  diffused 
throughout  the  cross  section  of  the  wire,  but  only  i)ass 
through  a  thin  stratum  at  the  surface.  On  this  account  the 
resistance  which  the  wire  offers  to  these  rapidly  alternating 
currents  is  greater  than  that  which  it  offers  to  steady  currents. 

Lord  Rayleigh  *  gives  a  formula  for  calculating  the  effec- 
tive resistance  of  a  wire  of  round  section  to  an  alternating 
current  of  given  frequency.     It  is 


R'=  V(ip//^R), 

where  R'  is  the  effective  resistance  ;  II  the  resistance  to 
steady  curr(>nts  in  C.G.S.  units  ;  p'Itt  times  the  number  of 
oscillations  in  one  second  ;  I  the  length  of  the  wire  ;  and  /x 
the  magnetic  permeability  of  the  substance  of  which  the  wire 
is  composed. 

In  the  following  calculation  one  of  the  wires  onlv  is  con- 
sidered. 

The  length  of  the  ]u-imary  oscillator  is  109  centimetres, 
and  therefore  the  wave-leniith  of  the  radiation  given  out  is 
218  centimetres.      If  7i  =  number  of  oscillations  per  sec,  then 

n=^  =1-370  xlO^ 
«  Phil.  Mag.,  May  ISSG,  p.  388. 
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The  length  of  the    wire  (/)  is  103   centimetres,  and  its 
resistance  19  ohms  =  19x  10^  C.G.S.  units. 
In  the  case  of  platinum  /a  may  be  taken  as  unity. 
From  this  it  follows  that 

R'  =  29  ohms, 

and   since   H  (half  the    heat    developed   in    the   two    wires) 
=  •000342  calorie  per  second 

=  •000049. 

Owing  to  the  harmonic  distribution  of  the  current  along  the 
wire,  in  order  to  produce  a  given  amount  of  heat  in  the  whole 
wire,  the  strength  of  the  current  at  the  centre  must  be  V2 
times  as  great  as  that  which  would  be  necessary  if  the  current 
were  of  uniform  strength  in  all  parts  of  the  wire. 

.•,  the  square  root  of  the  mean  square  of  the  current  at 
the  centre  =*01  ampere. 

While  it  is  impossible  from  the  heat  found  to  form  anv 
conclusion  as  to  how  fast  heat  was  being  generated  durino- 
each  spark,  or  what  fraction  of  the  whole  time  the  oscillations 
lasted,  yet  here,  as  in  the  former  case,  the  final  result  depends 
on  the  mean  square  of  the  current.  We  found  by  the  first 
method  that  the  square  root  of  the  mean  square  was  certainly 
not  "003  ampere,  if  the  theory  was  correct ;  while  by  the  heat  we 
find  the  square  root  of  the  mean  scpiare  to  be  '01  ampere.  The 
arrangements  in  the  two  Ciises  were  not;  strictly  comparable, 
for  in  the  first  the  oscillator  was  only  30  centimetres  long,  while 
in  the  second  it  was  109  centimetres,  and  because  the  distance  of 
the  primary  from  the  secondaries  was  relatively  greater  in  the 
first  than  in  the  second  case.  We  intended  to  have  made  a 
second  set  of  measures  in  which  the  suspended  cranked  oscil- 
lator should  itself  be  in  the  tube  of  the  convection-thermometer 
together  with  the  fixed  cranked  oscillator.  In  this  wav  the 
force,  if  any,  between  them  could  be  observed  and  measured 
at  the  same  time  that  the  deflexion  of  the  mirror  due  to  the 
heat  was  read  ;  then,  by  making  contacts  with  the  ends  of  the 
fixed  cranked  oscillator  alone,  and  passing  a  current  through 
it  so  as  to  produce  the  same  deflexion,  all  the  data  would  1)0 
obtained  to  tell  for  certain  whether  the  absence  of  force,  or,  if 
I'orce  was  observed,  if  the  actual  Ibrce  was  that  which  the 
provisional  theory  set  out  at  the  beginning  of  this  pap(u-  in- 
dicated.    The  discrepancy  of  3  :  10  in  the  present  instance 
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c.'innot  1)0  taken  as  proving  that  the  theory  is  wrong, 
and  that  the  forces  ought  not  to  be  observed,  but  it  does 
clearly  show  that  they  must  be  excessively  minute,  and  that, 
if  they  exist,  it  is  only  by  great  refinement  that  they  can  be 
made  evident.  No  doubt,  as  Prof.  Fitzgerald  suggested,  the 
use  of  concentrating  cylindrical  mirrors  of  ])roj)er  form  would 
greatly  increase  the  sensitiveness  of  the  whole  a])paratus. 

We  have  been  preventcid  from  completing  this  work  be- 
cause the  elemcuitary  laboratory  was  required,  and  it  is  im- 
possible to  c;uTv  on  any  really  delicate  research  requiring 
uniform  conditions  and  steadiness  in  so  unsuitable  a  building 
as  the  Science  Schools.  We  have  therefore  published  our 
results  in  their  present  imperfect  condition,  partly  because  we 
believe  that  the  methods  employed  may  be  useful  to  others, 
but  chieHv  because  we  hojie  that  some  ])hysicist  who  has  the 
advantage  of  having  a  steady  underground  room  may  be 
induced  to  make  the  experiments  imder  more  perfect  con- 
ditions, and  so  carry  the  matter  to  a  successful  issue. 


VI.  77ie  3feasurement  of  the  Time  of  the  Fall  of  ^Fagnetization 
in  a  Magnetized  Iron  Cylinder.  By  Fkedeuick  J.  Smith, 
M.A.J  Millard  Lecturer  on  Mechanics  and  Physics,    Tnnity 

College,  Oxford*. 

WHILE  working  at  the  construction  of  electromagnetic 
styli,  as  used  in  the  Tram  Chronograph,  described  at 
p.  877,  Phil.  Mag.  xxix.,  I  wished  to  determine  the  con- 
ditions for  ])roducing  a  stylus  with  a  small  "latency."  One 
of  the  principal  things  to  be  determined  was  the  time  of  the 
fall  of  magnetization  in  different  iron  bars.  As  the  deter- 
mination of  this  period  of  magnetic  change  appears  to  be  a 
subject  of  interest  apart  from  the  way  in  which  it  affects  the 
action  of  styli,  1  beg  respectfully  to  send  you  a  brief  account 
of  the  nu'thoil  by  which  I  have  arrived  at  certain  results 
respecting  it. 

If  an  iron  bar  be  magnetized  by  a  current  of  electricity 
and  the  current  be  broken,  the  bar  after  a  short  time  loses 
some  of  its  magnetism.  The  time  varies  with  the  kind  of  iron 
used  and  the  magnetizing  force. 

If  the  terminals  of  the  coil  conducting  the  magnetizing 
current  could  be  (|uiekly  shifted  from  the  battery  to  the  ter- 
minals of  a  galvanometer,  then  a  cleHexion  would  be  expected 
if  the  pole  changing  took  place  before  the  magnetization  of 

*  Coiuiimnioatcd  bv  tlic  Autluir. 
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the  bar  had  quite  run  down.     The  experiment  was  tried,  and 
always  gave  the  expected  result. 

If,  then,  the  exact  time  taken  tor  pole  changing  could  be 
measured,  when  the  galvanometer  just  showed  no  sign  of"  an 
induced  current,  this  period  of  time  would  be  that  of  the  fall 
of  magnetization  of  the  bar.  In  practice  such  a  change  is 
just  as  well  performed  by  having  an  arrangement,  shown  in 
the  diagram,  where  an  inductor-coil  is  suddenly  connected 
to  the  galvanometer  instead  of  the  primary  circuit,  and  the 
time  is  very  gradually  increased  until  no  deflexion  is  produced. 


\ 


hh©^" 


A  B  is  a  long  primary  coil  of  known  dimensions  ;  within 
this  the  iron  cylinder  to  be  tested  is  placed  ;  it  is  in  circuit 
with  a  battery  C,  and  a  contact-piece  E.  I  is  an  inductor- 
coil  of  known  induction  area,  in  circuit  with  the  galvano- 
meter G,  the  inductor  H,  and  the  contact-piece  F. 

The  inductor  H  forms  part  of  a  system,  consisting  of  a  long- 
helix  M  K,  a  battery  N,  an  ampere-balance  L,  and  a  ke}'  0; 
by  means  of  this  system  the  value  of  the  throw  or  deflexion  of 
the  galvanometer  is  determined  in  C.G.S.  units,  by  the 
method  of  Sir  W.  Thomson. 

The  contact-pieces  E  and  F  diffcn-  from  each  other  in  their 
action.  The  circuit  at  E  is  broken  when  E  is  hit  by  a  pro- 
jection, D,  attached  to  the  carriage  of  the  chronograph  moving 
in  the  direction  of  the  arrow,  whereas  the  induction  circuit 
is  closed  when  D  hits  F.  B  is  fixed,  and  F  can  be  placed  at 
any  required  distance  from  it.  The  distance  E  F  determines 
the  time  which  elapses  between  breaking  the  primary  circuit 
and  makin«)"  the  induction  circuit.  The  primarv  circuit  is 
always  broken   before  the  inductor-coil  is  connected  to  the 
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oalvaiioincter  circuit ;  so  that  the  induction  due  to  the  iron 
cylinder,  apart  from  that  duo  to  the  coil,  is  measured  at  any 
time  after  the  breaking  of  the  prinip.rj  circuit.  The  time  of 
traverse  of  the  distance  E  F  is  determined  from  the  trace  of 
the  chronoojraph  up  to  the  -goTooo  ^®<^o°^- 

All  the  induction  apparatus  is  placed  at  a  great  distance 
from  the  galvanometer,  so  that  it  is  in  no  way  affected  by  it. 
After  the  value  of  the  deflexion  of  the  galvanometer  has  Ijeen 
obtained,  the  ampere-balance  is  used  in  the  circuH  of  the  coil 
A  B  for  determining  the  field  due  to  the  magnetizing  coil.  A 
series  of  determinations  of  this  After-Inductloii  are  now  being 
made  in  the  Laboratory,  but  as  the  necessary  reductions  will 
take  some  time  to  finish  they  cannot  be  sent  w'th  this  com- 
munication. In  one  experiment  on  a  certain  iron  bar  the 
After-Induction  took  place  up  to  O'OIS  second. 

December  13,  1890. 
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November  12,  1890.— Dr.  A.  Geikie,  F.R.S.,  President, 

in  the  Chair. 

^piiE  following  communications  were  read: — 

-^      1.  "  On  the  Porphyritic  Hocks  of  the  Island  of  Jersey."'     By 

Prof.  A.  Dc  Lapparcnt,  Poreigu  Correspondent  of  the  Society. 

The  author  had  some  years  ago  described  as  Permian  a  series  of 
porphyritic  rocks,  of  which  specimens  had  been  sent  to  him  from 
Jersey.  He  had  since  been  led  to  believe  that  this  view  of  their 
ago,  arrived  at  from  what  he  knew  of  similar  rocks  in  France,  was 
erroneous,  and  in  a  recent  visit  to  the  island  had  satisfied  himself 
that  the  English  observers  who  had  assigned  to  these  rocks  a  mucli 
higher  antiquity  were  in  the  right.  He  now  found  that  the  igneous 
rocks  in  question  underlie  the  llozel  conglomerate,  which  must  be 
placed  at  the  very  base  of  the  Silurian  formations.  He  roseiTcd 
his  detailed  statement  for  a  communication  to  the  Geological  Society 
of  France  ;  his  present  object  being  to  do  justice  to  Enghsh  geolo- 
gists, whose  views  he  had  formerly  opposed. 

2,  "  On  a  new  Species  of  Tnowix  from  the  Miocene  of  Malta,  and 
a  Cholonian  Scapula  from  the  London  Clay."  By  11.  Lydekker, 
Esq.,  B.A.,  F.G.S. 
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3.  "  jSTotes  on  Specimens  collected  by  W.  Gowland,  Esq.,  F.C.S., 
in  the  Korea."  By  Thomas  H.  Holland,  Esq.,  of  the  Geological 
Survey  of  India,  late  Berkeley  Fellow  of  the  Owens  College. 

The  southern  half  of  Korea  traversed  by  Mr.  Gowland  is  of  a 
hilly  character.  The  rocks  forming  the  hills  arc  chiefly  crystalline 
schists — gneisses  with  graphite,  garnet,  dichroite,  and  fluor  occur- 
ing  in  considerable  abundance,  and  the  whole  group  is  probably 
part  of  the  great  Archaean  mass  of  North-east  China.  The  author 
describes  these  metamorphic  rocks  in  detail. 

Stratified  rocks,  probably  of  Carboniferous  age,  lie  uuconfomiably 
upon  the  schists  in  the  south-eastern  part  of  the  peninsula,  and 
petrographical  notes  of  these  are  given  in  the  paper.  Through  the 
crystalline  schists  and  stratified  rocks  various  igneous  rocks  have 
been  erupted  as  dykes  or  in  largo  masses.  Amongst  these  the  most 
conspicuous  rock  is  granite.  Biotite-  and  muscovite-granite  are  most 
widely  distributed,  and  in  places  are  cut  by  dykes  of  eurite  and 
veins  of  quartz  and  pegmatite.  The  more  basic  class  of  rocks  is 
represented  by  diorites,  propylites,  andesites,  basalts,  dolerites,  and 
gabbros.  Interesting  cases  of  the  gradual  passage  between  the  so- 
called  intermediate  and  basic  rocks  are  found,  and  various  stages  in 
the  devitrification  and  decomposition  of  andesitic  lavas  represented. 
These  are  described  in  detail  by  the  author,  and  compared  with 
similar  cases  in  other  regions  ;  and  full  descriptions  of  the  intrusive 
rocks  are  furnished. 

There  are  now  no  active  volcanoes  ;  and  there  is  a  notable  lack  of 
mineral  wealth  in  the  southern  part  of  the  Korea. 

4.  "  Further  Notes  on  the  Stratigraphy  of  the  Bagshot  Beds  of 
the  London  Basin  (north  side)."  By  the  Eev.  A.  Irving,  D.Sc, 
F.G.S. 

1.  The  author  brings  forward  new  evidence  from  well-sections, 
clay-pits  recently  opened,  and  excavations,  confirming  the  reading  of 
the  country  between  Wellington-College  and  ^^'okingham  Stations 
on  the  S.E.  Kailway,  as  put  forward  by  him  in  18b7  (Q.  J.  (}.  S. 
vol.  xliii.  and  figure  1  of  the  pa])er).  We  have  now  actual  data  for 
the  gradients  of  the  clay-beds,  and  the  thinning-out  of  both  the  Lower 
(fluviatile)  Sands  and  of  the  ^liddle  greon-earth  series  ;  the  latter, 
when  taken  into  account,  bringing  the  clays  in  the  Wokingham  out- 
lier into  stratigraphical  alignment  with  the  basal  clays  of  the  Middle 
Group.  Certain  clays  at  California  arc  also  shown  to  be  in  align- 
ment with  these;  and  a  sketch-section  from  Ambarrow  to  Barkham 
Hill  shows  the  relative  gradients  of  certain  horizons  to  be  such  as  to 
justify  the  relegation  of  the  Pebble-bed  there  to  the  base  of  the 
Upper  Sands  ;  while  a  microscopical  examination  of  the  sands  above 
it  brings  out  the  lithological  identity  of  these  and  of  the  sands  cap- 
ping Farley  Hill  witli  the  basal  l)eds  of  the  Upper  Sands  at  Welling- 
ton College  and  on  Finchampstead  Ridges.    The  accidental  occurrciue 


68  Geological  Society : — 

of  thin   seams   of  pipe-clay  is  rejected  as  a  test  of   horizons,  as 
affording  only  ambiguous  evidence. 

2,  A  similar  succession  is  shown  in  a  section  drawn  from  Wel- 
lington College  Well  through  the  sand-pit  at  the  brick-yards  by 
Nincmile  Ride  (base  of  the  Middle  Clays  exposed),  Easthampstead 
Church  Hill  (with  more  recent  data),  and  Bill  Hill  (Easthampstead), 
to  the  S.W.  llailway  at  Eracknell,  bringing  the  higher  beds  of  those 
two  hills  into  the  horizon  of  the  Upper  Sands.  Further  notes  arc 
also  added  to  those  of  the  author's  1888  paper  (Q.  J.  G.  S.  vol.  xliv.) 
on  the  Ascot  Hills,  Englefield  Green,  and  Windsor  Park,  where  the 
transgressive  relation  of  the  Bagshot  Beds  to  the  London  Clay  is 
maintained. 

3.  In  conclusion,  the  author  poiuts  out  that  the  new  well-sections 
confirm  the  trustworthiness  of  that  at  Wellington  College  as  a  vertical 
datum-line  ;  he  criticizes  the  views  of  previous  writers  and  maintains 
that,  with  the  aid  of  Lieut.  Lyons'  recently  published  contour-map, 
we  can  now  discriminate  between  the  effects  of  contemporaneous 
and  j)ost--Eocene  earth-raovcments  in  the  area  :  and  that  the  physical 
history  of  the  Bagshot  Beds,  which  he  has  himself  propounded,  is 
substantiated  by  the  stratigraphical  evidence. 

November  2G. — Dr.  A,  Geikie,  E.R.S.,  President,  in  the  Chair. 

The  following  communications  were  read  : — 

1.  "Account  of  an  Experimental  Investigation  of  the  Law  that 
Limits  the  Action  of  Flowing  Streams."  By  R.  D.  Oldham,  Esq., 
A.R.S  M.,  F.G.8.,  Deputy  Superintendent  of  the  Geological  Survey 
of  India. 

The  author  brings  forward  evidence  derived  from  experiments  in 
support  of  tbe  views  expressed  in  a  paper  submitted  to  the  Society 
in  1S88.  His  apparatus  consisted  of  a  sloping  troxigh,  through 
which  various  amounts  of  water  containing  definite  percentages  of 
sand  could  be  sent.  The  lower  end  of  the  trough  issued  on  to  a 
semicircular  platform. 

In  three  experiments  with  the  trough  at  a  slope  of  1  in  20.  and 
with  the  same  work  to  be  done  in  each  case,  the  resulting  slopes 

after  sand  had  accumulated  in  the  trough  were  as  follows: With 

one  part  of  sand  to  42  of  water,  a  slope  of  1  in  40 ;  with  1  of  sand 
to  28  of  water,  1  in  20 ;  and  with  1  of  sand  to  14  of  water,  1  in 
13*3.  These  slopes  were  obtained  when  a  condition  of  equilibrium 
had  been  maintained  so  that  the  water  was  just  able  to  transport 
its  burden.  By  increasing  the  supply  of  water  from  14  :  1  to  42  .  1, 
the  original  slope  was  eventually  obtained. 

On  the  fan  formed  on  the  horizontal  platform  variations  in  the 
water-supply  did  not  produce  neaily  so  marked  an  effect  as  in  the 
confined  channel,  and  the  slope  varied  considerably  in  different 
directions. 

After  a  lime  a  channel  Avas  cut  back  into  the  fan,  and  its  sand 
swept  forward  and  deposited  as  a  secondary  fan  in  fixjut  of  the  first ; 
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and  as  this  grew,  it  cut  back  into  the  reach  above,  and  this  in  turn 
cut  back  towards  the  head  of  the  fans,  and  sometimes  into  the 
trough.  In  some  cases  other  secondary  fans  were  formed  on  the 
margin  of  the  main  fan,  but  the  apparatus  was  not  large  enough 
for  further  formations.  The  general  slope  of  the  fans,  both  pri- 
mary and  secondary,  was  -OG,  and  that  of  the  reach  only  •04,  while 
at  the  head  of  the  reach,  where  it  was  cutting  back  into  the  face 
above,  there  was  a  gradient  of  "08. 

The  general  tendency  of  the  experiments  supports  not  only  the 
specific  conclusions  as  to  the  normal  form  and  behaviour  of  a  river 
which  has  attained  a  state  of  equilibrium,  but  to  a  greater  degree 
the  fundamental  assumption  that  a  river  will  adapt  its  channel  to 
such  a  slope  and  form  as  will  enable  it  to  just  transport  a  solid 
burden  cast  upon  it. 

2.  "  On  the  Rocks  of  North  Devon."  By  Henry  Hicks,  M.D., 
F.K.S.,  Sec.G.S. 

During  a  recent  visit  to  North  Devon  the  author  obtained  evi- 
dence which  has  led  him  to  believe  that  far  too  little  importance 
has  hitherto  been  assigned  to  the  results  of  movements  in  the 
Earth's  crust  as  aftecting  the  succession  of  the  rocks  in  that  area. 
The  supposed  continuous  upward  succession  from  the  rocks  on  the 
shore  of  the  Bristol  Channel  to  those  in  the  neighbourhood  of 
Barnstaple,  including,  according  to  some  authors,  no  less  than  ten 
groups,  and  classed  into  three  divisions  under  the  names  Lower, 
Middle,  and  Upper  Devonian,  is,  the  author  believes,  an  erroneous 
interpretation.  The  beds,  he  says,  have  been  greatly  plicated  and 
faulted,  and  consequently  several  times  repeated,  and  instead  of 
being  one  continuous  series,  thej'  occur  folded  in  more  or  less 
broken  troughs.  In  the  Morte  Slates,  previously  considered  un- 
fossiliferous,  the  author  found  a  Lingala,  and  he  believes  that  these 
slates  are  the  oldest  rocks  in  the  area,  and  formed  the  floor  upon 
which  the  Devonian  Hocks  were  deposited  unconformably.  As  the 
result  of  movements  in  the  Earth's  crust,  the  Morte  Slates  have 
been  brought  to  the  surface  and  thrust  over  much  newer  rocks, 
producing  a  deceptive  appearance  of  overlying  the  latter  conformably. 
The  Morte  Slates  mai-k  the  dividing  line  between  the  two  main 
troughs.  On  the  north  side  in  ascending  order  are  the  Hangman 
(or  Lynton),  Combe  Martin  Bay,  and  Ilfracombe  Beds,  and  on  the 
south  side  the  Pickwell  Down,  Baggy  Point,  and  Pilton  Beds. 
Those  on  the  south  side  of  the  Morte  Slates  are,  the  author 
believes,  a  repetition  of  the  beds  on  the  north  side.  The  pahoon- 
tological  evidence  is  not  antagonistic  to  this  view,  for  an  analysis  of 
the  Brachiopoda,  the  only  group  of  fossils  in  the  beds  on  the  south 
side,  which  hitherto  have  been  systematically  examined,  shows  that 
of  the  twenty  species  mentioned  by  Mr.  Davidson  and  others  as 
occurring  in  the  Pickwell  Down,  Baggy  Point,  and  Pilton  lieds 
(the  so-called  Upper  Devonian  Uocks),  no  less  than  thirteen  have 
already  been  found  in  the  Middle  or  Lower  Devonian  rocks  on 
the  north  side  of  the  Morte  Slates.      Four  others  are  recognized 
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Middle  Devonian  species  in  other  areas ;  and  the  three  remaining 
are  either  doubtful  species  or  ones  which  have  a  great  vertical  range. 
Thei^e  facts  show  that  the  so-called  Upper  Devonian  Kocks  in  this 
area  do  not  contain  a  distinguishing  fauna  of  any  importance ;  and 
the  stratigraphical  evidence  is  opposed  to  the  view  that  they  are  a 
series  of  rocks  distinct  from  those  on  the  north  side  of  the  Morte 
Slates,  which  liavc  been  classed  as  ^liddle  and  Lower  Devonian. 

December  l<i. — Dr.  A.  Geikie,  F.E.S,,  President,  in  the  Chair. 
The  following  communications  were  read  : — 

1.  "  (Jn  some  Water- worn  and  Pebble-worn  Stones  taken  from 
the  Apron  of  the  Severn  Commissioners'  "Weir  erected  across  the 
River  at  Holt  Eleot  about  6  miles  above  Worcester."  By  Henry 
John  Alarten,  Esq.,  M.Inst.C.E.,  F.G.S.,&e.,  Engineer  to  the  Severn 
Commissioners. 

The  Weir  referred  to  in  the  paper  was  built  in  1S44  of  soft  red 
sandstone,  and  some  of  the  stones  composing  the  apron  of  the  Weir 
showing  signs  of  decay  were  removed  in  1887.  The  average  quan- 
tity of  water  passing  over  each  square  foot  of  the  stones  eomjiosing 
the  apron  has  been  estimated  at  about  2000  gallons  per  minute.  A 
large  proportion  of  the  stones  had  been  drilled  through  and  through 
by  the  action  of  the  current  upon  small  pebbles  lodged  in  hollows  or 
between  the  joints  of  the  stone ;  and  the  author  estimates  that  as  a 
result  of  43  years  of  erosion,  six  of  the  stones  of  the  apron,  which 
may  be  taken  as  a  sample,  had  lost  the  following  amounts  respec- 
tively : — 45,  60,  48,  50,  37,  and  58  per  cent. 

2.  "  On  the  Physical  Geology  of  Tennessee  and  adjoining  Districts 
in  the  United  States  of  America."  By  Prof.  Edward  Hull,  M.A., 
LL.D.,  F.ll.S.,  F.G.S.,  late  Director  of  the  Geological  Survey  of 
Ireland. 

The  area  described  in  the  paper  is  occupied  by  the  Unaka  or  Blue 
Ridge,  which  may  be  regarded  as  one  of  the  parallel  ridges  of  the 
AUeglianies,  and  the  prolongation  of  Prof.  J.  D.  Dana's  ''  Arclia^an 
Protaxis."  It  runs  in  a  general  south-westerly  direction,  and  attains 
an  elevation  of  0700  feet.  At  its  base,  and  to  the  north-west  of  it, 
is  the  Valley  of  East  Tennessee,  about  40  miles  wide,  and  furrowed 
by  north-east  and  south-west  ridges  and  depressions,  parallel  to  the 
strike  of  the  Cambrian  and  Silurian  beds.  Through  this  runs  the 
Tennessee  River,  which,  instead  of  running  south  to  the  (Uilf  of 
Mexico,  turns  to  the  north-west,  some  distance  below  Chattanooga, 
and  cuts  through  the  Cumberland  table-land,  a  prolongation  of  tlu- 
Appalacliian  mountains,  and  Hows  into  the  Ohio  river. 

The  Cumberland  table-land  has  an  average  height  of  2000  feet 
above  the  sea,  and  1350  feet  above  the  Tennessee  River  at  Chatta- 
nooga. It  consists  of  a  synclinal  of  Carboniferous  rocks  resting 
conformably  upon  the  Devonian  beds,  and  is  bounded  along  the  East 
Tennessee  Valley  by  a  curved  oscarpraent :  a  similar  though  more  in- 
dented escarpment  forming  its  north-western  margin,  and  separating 
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it  Iroui  the  Silurian  plain  of  Nashville.  The  table-land  is  about  40 
miles  wide,  and  is  intersected  by  the  valley  of  the  Sequachee  lliver, 
ninuiug  iu  a  north-easterly  direction  along  a  subsidiary  anticline  from 
near  Jasper  for  a  distance  of  sixty  miles. 

From  the  base  of  the  Cambrian  beds,  the  whole  l^ower  and  Upper 
Paituozoic  formations  succeed  each  other  in  apparently  conformable 
sequence,  except  at  the  junction  of  the  Upper  and  Lower  Silu- 
rian series,  where  a  prolmble  discordance  occurs.  The  prolonged 
period  of  subsidence  and  deposition  at  length  gave  way  to  elevation  ; 
acting  with  the  greatest  effect  along  the  AUeghanies.  Under  these 
circumstances,  denudation  preceded  most  rapidly  along  the  tract 
bordering  the  Protaxis,  whilst  the  synclines  were  protected  from 
erosion  to  a  greater  degree ;  and  as  the  elevatory  movement  was 
more  rapid  along  the  Unaka  range,  the  flow  of  the  streams  was 
generally  westward.  At  a  later  period  the  Cumberland  plateau 
began  to  be  formed  by  backw^ard  erosion  of  the  strata  in  the 
direction  of  the  dip ;  so  that  it  owes  its  development  to  the  erosion 
of  the  Tennessee  and  Clinch  rivers  on  the  one  hard,  and  to  the 
Cumberland  river  on  the  other.  Where  the  Tennessee  Eiver  flows  in  a 
north- w^esterly  direction  through  the  Cumberland  plateau,  the  divide 
between  it  and  the  Gulf  of  Mexico  is  only  280  feet  above  the  river- 
bed, whilst  the  table-land  is  1400-1500  feet  above.  The  author 
infers,  therefore,  that  when  the  river  began  to  erode  its  channel  the 
plateau  was  relatively  lower  than  the  tract  to  the  south  of  the 
present  course  of  the  stream,  but  that  by  denudation  the  relations 
have  been  reversed,  whilst  the  river  has  never  left  its  originally 
selected  course. 

The  author  compares  the  state  of  things  w^ith  that  which  must 
have  occurred  in  the  case  of  the  northerly  rivers  running  from  the 
centre  of  the  Wealden  axis ;  but  mentions  that  Prof.  SafFord  and 
Mr.  J.  Leslie  account  for  the  Cumberland  plateau  by  faulting,  though 
he  thinks  that  the  well-defined  escarpment  along  the  valley  of  East 
Tennessee  seems  to  show  that  this  cause  is  insufficient. 

In  conclusion,  be  believes  that  the  denudation  was  accelerated 
during  the  pluvial  or  "  Champlain  "  period,  and  caUs  attention  to 
the  "  Columbia  formation  "  of  the  east  side  of  the  AUeghanies,  and 
to  the  deposit  of  red  loam  by  which  the  surface  of  the  country  of  the 
valleys  of  the  Tennessee  and  Sequachee  is  overspread,  and  which  is 
probably  referable  to  a  similar  stage. 

3.  "  On  certain  Ornithosaurian  and  Dinosaurian  Hemains."  By 
K.  Lydekker,  Esq.,  B.A.,  F.G.S. 
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EXPEllIMENTAL  INVESTIGATIONS  ON  THOMSON'S  LAW  OF 
WAVE-MOTION  ON  WATER.       BY  0.  RIESS. 

^HE  influence  of  surface-tension  on  the  wave-motion  of  water 
was,  as  is  well  known,  tir^t  theoretically  investigated  by  Sir  W. 
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Thoinaon,  and  by  Kblacek,  and  expressed  by  the  formula 

The  \elocity  of  propagation  v  is  tiius  a  function  of  two  forces  which 
arc  independent  of  each  other — (j  (gravity)  and  T  (surface-tension). 
On  the  other  liand,  considered  as  a  function  of  A.  it  has  a  minimum, 
namely  2.'M1  centira.  for  the  wave-length  X  =  1-709  centim. ;  so 
that  from  tliis  there  I'esults  a  natural  division  of  waves  into  two 
classes — ripples  and  large  waves.  Although  observations  on  ripples 
have  been  made  by  Thomson,  jVIatthiesen,  Lord  Rayleigh,  Arendts, 
and  others,  these  observations  are  wanting  in  the  requisite  accuracy, 
and  accordingly  the  author  has  carried  out  systematic  observations 
by  various  methods  which  control  each  other.  In  the  first  method, 
tuning-forks  were  used  to  produce  the  waves ;  in  the  second,  the 
simultaneous  vibration  of  the  armatures  of  two  electromagnets ; 
and  finally  in  the  third,  which  was  made  on  a  large  scale  in  the 
Rostock  filtering-basins,  small  plates  which  were  fixed  to  rods  at 
the  level  of  the  water.  St:.,tionary  waves  were  always  used,  as 
these  are  more  favourable  for  observation  and  for  calculation. 
Reference  must  be  made  to  the  oi'iginal  for  the  observation  of  the 
numbers  of  vibrations  and  the  wave-lengths  in  the  indi^'idual  cases, 
and  for  the  manner  in  which  the  numerous  difiiculties  were  over- 
come. As  the  results  of  the  various  methods  are  essentially  the 
same,  it  will  be  sufficient  here  to  give  a  summary  of  that  of  the  first. 
Five  different  tuning-forks  gave  the  following  results : — 
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The  calculation  of  Thomson's  results  was  made  by  putting 

981-4      f~r      .  /       OL  , 

6^,"^V-37-r"        "'     V^^'^o=t''^"P'   '\  =  v/.-V-rtan2^: 

and  from  this  X,  and  therefore  c,  was  calculated.  It  will  be  seen 
that  the  experiment  agrees  sufficiently  well  with  the  theory 
as  regards  tlie  ))osition  of  the  minimum  of  c,  and  of  the  general 
coursi^  of  the  values  of  \  and  v  \  on  the  other  baud,  all  the  observed 
values  are  considerably  smaller  than  t]u>  calculated  ones.  In  order 
to  follow  this  more  minutely,  measurements  were  made  at  various 
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n 


temperatures  (the  above  hold  for  20°),  and  the  following  result  w  as 
obtained : — 
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36-617 
64-526 

2-656    8-394 
0-623  36-551 
0-415  64-404 

2-628 
0-608 
0-404 

It  is  apparent  from  this  that  the  want  of  agreement  between 
theory  and  experiment  is  to  be  sought  in  the  dependence  of  surface- 
tension  on  temperature  on  the  one  hand,  and  on  the  wave-length 
on  the  other.  If  this  dependence  is  eliminated,  we  get  the  following 
values : — 
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From  this  we  obtain  for  0°  the  formula 

2k 


v'=gQ^  +  ^(0-070-0-0,41U'''«^)), 
and  for  various  temperatures  the  formula 

in  which  T^  is  the  expression  within  brackets  of  the  first  formula. 
This  latter  value  vanishes  for  X=28  centim. ;  according  to  Thomson 
the  influence  of  surface-tension  on  this  wave-length  would  still  be 
Tp=0'l  centim.,  that  is  about  g  per  cent.  For  an  infinitely  sm:ill  \ 
T(,  =  0-070,  which  agrees  sufficiently  with  the  values  ordinarily 
assumed.  It  may  be  observed  that  with  other  methods  the  num- 
ber of  vibrations  went  down  to  2-67  and  the  wave-lengths  rose  to 
21-915,  while  the  T^  sank  to  0-01.30,  and  that  nevertheless  the  above 
two  formula)  for  v'  agreed  very  well.  The  actual  state  of  the  case 
lies  between  Kolacek's  formula  and  that  of  Thomson  for  \=1-G72  : 
for  instance,  according  to  Thomson  n  =  13-83 ;  according  to 
Kolacek,  n  =  12-33  ;  experiment,  n  =  13-33. 
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Hence  T  is  proportional  neither  to  \  nor  to  X*. — Exner's  Reper- 
torium  der  Phi/sik,  xxvi.  p.  102  (1890);  Beihlalter  der  Physik,  xiv. 
p.  9;3S. 


ON  THE  CONDENSATION  OF  AQUEOUS  VAPOUR  IN  CAPILLARY 
SPACES.      BY  G.  VAN  DER  MENSHRUGOHE. 

The  author  propounds  the  task  of  furnishing  an  exact  experi- 
mental proof  of  Thomson's  theory,  that  the  maximum  pressure  of 
aqueous  vapour  for  a  given  temperature  is  smaller  for  a  concave 
surface  than  for  a  plane  one,  and  continually  decreases  with 
increasing  concavity.  In  the  first  part  of  the  present  research  a 
number  of  facts  are  collected  which  serve  as  examples  for  the 
condensation  of  aqueous  vapour  in  capillary  spaces.  Mention  is 
made  of  the  microscopic  capillary  slits  in  organic  hygroscopic 
structures,  the  deposition  of  ice-flowers  on  the  dusty  parts  of  our 
window-panes,  the  phenomenon  that  particles  of  iron  rust  most 
when  they  appear  protected  by  materials,  such  as  cloths,  dry  wood, 
and  the  like,  which  are  in  contact  with  them. 

in  reference  also  to  Aitken's  experiments  on  the  fog-producing 
action  of  suspended  particles  of  dust,  the  author  urges  as  the  ex- 
])laiuition  the  irregular  shajie  and  the  ultra-capillary  cracks  of  the 
individual  particles.  The  author  observes  incidentally,"  that  the 
rapid  rotting  of  fabrics,  such  as  tulle,  which  are  often  coated  with 
aqueous  vapour  even  in  air  which  is  far  from  its  point  of  satura- 
tion, may  be  explained  by  thermoelectric  currents  vhich  are 
formed  on  moistening  and  on  drying  {Bidl.  Ac.  Belg.  [2]  vol.  xli. 
p.  769,  1876).  The  durability  of  the  clothing  Avith  which  Egyptian 
mummies  are  wrapped  depends  on  the  tilling  of  the  capillary  cracks 
with  wax.  The  author  strongly  recommends  that  for  the  preser- 
vation of  oil-paintings  tliey  should  be  varnished  on  the  back. — Bull. 
Ac.  Belrj.  [3J  vol.  xix.  p.  101  (1890)  ;  Beihldtter  der  Physil;  No.  11, 
1890. 


ON  ELECTRICAL  CONVECTION.       BY  A.  RIGHI. 

In  this  note  the  author  describes  new  experiments,  which  taken 
in  conjunction  with  those  he  has  previously  published  appear 
to  him  to  establish  : — 

That  in  all  cases  in  which  there  is  an  escape  of  electricity  either 
by  a  point,  or  by  an  incandescent  body,  or  by  a  metal  exposed  to 
ultra-violet  radiations,  the  phenomenon  is  due  to  convection ;  and 
that  the  parfifles  in  movement  follow  sensibly  the  lines  of  force  of 
the  Held  in  which  they  move.  In  more  or  less  rarefied  air  the 
trajectories  seem  to  diverge  more  and  more  from  the  lines 
of  force;  and  in  the  case  of  an  extreme  degree  of  rarefaction 
they  should  become  almost  rectilinear,  as  appears  to  be  the  case  with 
the  particles  of  radiant  matter  in  Crookes's  tubes. 

The  author  proposes  to  make  experiments  to  see  if  this  gradual 
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passage  from  one  to  the  othei'  of  the  two  extreme  forms  of  the 
phenomenon  does  really  take  place. — Readiconti  delta  Reale  Acca- 
demia  dei  Lincei,  vol.  iv.  pp.  151,  189;  Journal  de  Physique, 
Nov.  1890. 


ON  THE  PHOTOGRAPHIC  ACTION  OF  ELECTROMAGNETIC  WAVES. 
BY  FRANZ  VON  DOBRZYNSKI. 

For  several  months  I  have  been  engaged  in  investigating  the 
photographic  action  of  electromagnetic  waves.  On  May  1  I 
observed  an  indication  of  this  action,  and  on  July  9  the  action 
itself. 

The  electromagnetic  waves  were  obtained  by  the  method  of 
Hertz.  They  acted  on  dry  bromide  of  silver  and  gelatine  '  Xys ' 
plates  procured  from  Geissler  in  Bonn. 

The  plane  of  the  plates  either  included  the  axis  of  the  vibrator  or 
was  at  right  angles  to  it.  The  exposure  was  three  hours.  No 
sensitization  of  the  plates  was  made.  The  development  and 
fixation  took  place  in  the  ordinary  manner  by  ferric  oxalate  and 
hyposulphite. 

The  action  was  visible  after  development  and  fixation  by  the 
appearance  of  alternating  bright  and  dark  bands  across  the  direction 
of  vibration  of  the  waves,  or  by  the  appearance  of  dark  bauds  in 
the  direction  of  the  vibration.  Both  kinds  of  bands  could  occa- 
sionally be  observed  together. 

In  many  experiments  the  plates  were  covered  with,  tinfoil. 
Portions  of  the  coating  of  the  tinfoil  were  cut  auay.  The  tinfoil 
did  not  prevent  the  formation  of  bands.  This  points  to  the  fact 
that  the  chemical  action  which  here  comes  into  play  is  not  a 
primary  one. 

The  cross  bands  suggested  stationary  vibrations.  They  might 
be  due  to  reflexion  from  the  sides  of  the  wooden  box,  by  which  the 
plates  were  protected  from  the  influence  of  extraneous  rays ;  but 
they  might  also  owe  their  origin  to  reflexion  from  the  side  of  the 
room*. 

The  only  experiment  which  could  be  made  with  a  reflecting 
metal  ball  was  not  in  disagreement  with  this  view;  the  cross 
bands  were  now  more  distinct  and  regular. 

If  this  view  is  correct,  it  may  be  concluded  that  waves  of  from 
0'6  to  20  centim.  are  effective. 

The  complete  description  of  the  mode  of  experimenting  I  will 
defer  until  I  communicate  further  investigations  in  this  direction. 
—  Wiejier  Berichte,  October  9,  1890. 

*  The  plates  often  contained  two  systems  of  cross  bands.  These 
would  represent  dilferont  waves  whicli  the  vibrator  emits  in  the  sense  of 
the  discovery  of  Sarasin  and  De  la  Rive,  and  in  that  of  the  view  stated 
above. 
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QUANTITATIVE  PHOTOGRAPHIC  INVESTIGATION  OF  ELIXTRICAL 
OSCILLATIONS.      BY  J.  MIESLER. 

The  object,  of  the  present  research  is  to  show  the  agreement 
between  the  times  of  oscillation  of  the  Leyclen  Jar  as  found  pho- 
toi(raj)hically,  with  the  times  calculated  from  the  measured  capa- 
cities and  the  coefficient  of  self-induction  of  the  jars  and  the 
circuit ;  there  being  as  yet  no  long  comparative  series  of  numbers. 
'J'he  photographs  were  taken  by  means  of  a  rotating  plane  mirror 
and  an  object-glass.  The  times  of  rotation  were  then  deduced  from 
the  dimensions  of  the  photographs. 

The  coefficient  of  self-induction  of  the  wire  used  in  each  case 
was  determined  by  a  null  method  by  comparison  with  a  condenser 
divided  into  thousandths  of  a  microfarad.  The  capacities  of  the 
Leyden  jars  used  in  the  separate  observations  were  compared  with 
this  condenser  by  means  of  an  electrometer.  The  time  of  vibra- 
tion was  determined  from  these  two  last  series  of  data  by  means 
of  the  formula 

T  =  7rVCL, 

and  compared  with  those  deduced  from  the  photographs,  and  it 
was  found  that  there  was  a  very  close  agreement.  The  thickness 
of  the  wires  was  always  0-8  mm.,  so  that  the  above  formula  holds 
strictly  for  thin  wires. —  Wiener  Berichte,  July  1890;  Beibldtter 
der  Physik,  No.  11,  1890. 


ON  THE  SMALLEST  PERCEPTIBLE  VISUAL  ANGLE  IN  THE  VARIOUS 
PARTS  OF  THE  SPECTRUM.      BY  W.  UHTHOFF. 

A  spectrum  more  than  20  cm.  in  length  was  projected  from 
zirconium  light,  through  a  large  prism  filled  with  cinnamic  ether, 
and  corresponding  lenses,  from  which  in  seven  places  a  portion 
3  mm.  in  diameter  could  be  cut  off  by  a  sliding  metal  screen.  If 
the  eye  looked  through  the  aperture  of  this  screen,  it  saw  the 
nearest  face  of  the  prism  illuminated  by  the  corresponding  homo- 
geneous colour.  A  wire  grating  could  be  moved  backwards  and 
forwards  in  the  path  of  the  rays.  The  wires  were  at  a  distance  in 
the  mean  of  (>'()!)2(5  mm.  apart,  and  the  intervals  were  exactly 
equal  to  the  thickness  of  the  wire.  From  the  distance  from  the 
eye  at  whidi  the  grating  liad  to  be  placed,  so  that  the  wires  were 
just  invisible,  the  sharpness  of  vision  could  be  deduced  for  the 
various  colours.  This  was  almost  the  same  for  all  colours  ;  in  the 
case  of  the  author  the  smallest  visual  angle  under  which  the  eye 
could  distinguish  the  object  (the  breadth  of  a  wire  and  the  space 
taken  together)  was  55*2,  and  for  A.  Kiinig  65-0  seconds,  from 
which  it  is  inferred  that  the  diameter  of  the  elements  in  the  retina 
concerned  in  this  is  0-002  to  O-OO-l  mm. — Ziitschrift  fiir  Psijchol. 
und  Fhysiologie,  i.  p.  155;  Beibldtter  der  Physik;  iS'o.  11,  1S90. 
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IX.   Tlie  Elementary  Treatment  of  Prohlems  on  the  Diffrac- 
tion of  Light.     By  Akthur  Schuster,  F.R.S.* 

THE  complete  investigation  of  problems  relating  to  the 
diffraction  of  light  involves  the  discussion  of  certain 
definite  integrals  which  often  cannot  be  introduced  at  the 
stage  at  -which  students  begin  to  learn  the  important  subject 
of  Physical  Optics.  Most  of  our  text-books  give  therefore 
a  more  elementary  treatment  of  the  question  in  which  the 
wave-front  is  broken  up  into  elements  or  zones,  the  effects  of 
which  are  added  up  algebraically.  This  elementary  treatment 
suffers  from  a  very  serious  defect,  if  anything  more  than  a  very 
general  explanation  is  aimed  at,  for  the  considerable  diiference 
of  phase  in  the  resultant  efi'ect  of  the  first  and  subsequent 
elements  is  altogether  neglected.  Prof.  Mascart,  in  his  excel- 
lent book  on  Optics,  obtains  numerical  results  from  such 
elementary  considerations  ;  but  he  takes  without  justiffcation 
the  phase  of  the  central  element  to  be  the  same  as  that  of  the 
others,  and  his  treatment  is  therefore  o})en  to  the  objection 
which  I  have  indicated.  It  is  trite  that  the  intensities  of  tlie 
diffraction-bands  at  the  edge  of  shadows,  as  calculated  in 
the  elementary  way,  do  not  differ  much  from  those  ob- 
tained by  a  more  rigorous  analysis ;  but  the  position  of  the 
bands  is  not  correctly  given,  and  the  question  of  the  resultant 
phase  is  altogether  left  out  of  account.  Even  to  those  who 
can  follow  the  complete  investigation  by  means  of  Fresnel's 
integrals,    the  method  of  breaking  up   the  wave-front   into 

*  Conimunicated  by  the  Author. 
Fhil.  Mag.  S.  5.  Vol.  31.  No.  189.  Feb.  1891.  H 
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separate  parts  is  very  instructive  ;  and  I  hope  therefore  that 
the  following  way  of  treating  the  subject,  which  seems  to  me 
to  be  free  from  olijection,  and  gives  numerical  results  practi- 
cally identical  with  those  obtained  l)y  Fresnel,  will  be  found 
to  1)0  of  use. 

For  the  sake  of  subsequent  reference  it  is  necessary  to  say 
a  few  words  on  the  division  of  a  wave -front  into  circular 
zones.  I  sliall  only  consider  plane  waves,  but  the  results 
may  easily  be  extended  to  other  cases. 

In  order  to  calculate  the  amplitude  ])roduced  at  a  point  P 
by  a  plane  wave-front  at  a  distance  y>  from  it,  circles  are  drawn 

such  that  their  distance  from  P  is^+  -    ,  n  being  an  integer. 

The  plane  is  thus  divided  into  so-called  Huyghens  zones, 
the  areas  of  which  are  equal  as  long  as  nX  is  small  com- 
pared to  p.  The  eflfect  of  a  single  zone  can  be  obtained 
by  subdividing  it  into  narrower  rings  of  equal  areas,  when  it 
will  be  found  that  the  ])hase  of  vibration  at  P  due  to  such 
elementary  rings  will  vary  uniformly  o\er  two  right  angles. 
The  ])hase  of  the  resultant  vibration  will  therefore  be  halfway 
between  that  due  to  the  extreme  portions,  and  the  amplitude 
is  obtained  by  reducing,  in  the  ratio  of  tt  :  2,  the  amplitude 
calculated' oil  the  assumption  that  the  jihase  due  to  each  ])ai-t 
of  the  zone  is  the  same  (Lord  Eayleigli,  Phil.  Mag.  xlvii. 
1874).  This  is  true  also  for  the  tirst  circular  area.  The 
eiTect  of  two  successive  zones  is  therefore  strictly  opposite  in 
direction,  and  w'e  can  calculate  the  whole  effect  by  means  of 
a  series  ^^^^  _  ,,,2  +  »?3  —  /x^  + . . .  . 

The  sum  of  this  series,  as  may  be  shown,  is  ^,  and  the  i)hase 

of  the  resultant  vibration  will  be  one  right  angle  behind  that 
due  to  the  central  point. 

To  calculate  ?n,,  let  the  am])litude  of  vibration  be  unity. 
If  a  small  surface  5,  taken  out  of  the  wave-front,  will  produce 
an  amplitude  ks  at  P,  the  central  area  will  produce  an  ampli- 

tude  ^^  .  Try'-,  where  r  is  the  radius  :    the   factor  2/77  beinir 

a])])lied,  as  just  explained,  because  the  phases  due  to  .different 
parts  of  the  central  area  range  over  two  right  angles.  As  ?•- 
is  equal  to  pX,  the  effect  of  the  first  zone,  as  regards  ampli- 
tude, will  be  '2KpX,  and  the  whole  wave-front  \\'\\\  cause  an 
amplitude  equal  to  half  this  value,  which  niu>t  obviously  be 
equal  to  unity,  because  a  ])lane  wave  does  not  alter  in  ani- 
])litude  during  its  projiagatiou.  It  follows  that  k=1/j'X; 
and   hence  that  if  .s  l)e  a  small   surface  at  a  distance  ^>  from  a 
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point  P  the  amplitude  due  to  5  at  F  is  — ,  where  a  is  the  am- 
plitude at  5  ;  and  this  agrees  with  the  more  complete  result 
obtained  by  Stokes  for  the  case  where  the  angle  between  the 
normal  to  s  and  the  radius  vector  to  P  is  so  small  that  its 
square  may  be  neglected. 

We  are  now  prepared  to  subdivide  the  wave-front  into 
rectangular  elements. 

From  P  (fig.  1)  draw   a  perpendicular  P  0  to  the  wave- 

Fi-.  1. 


front  and  consider  a  central  strip  S  S\  of  width  /<,  subdivided 
into  smaller  areas,  the  middle  one  having  a  length  t.     The 

effect  of  this  area  at  P,  as  regards  amplitude,  is  —,  the  ampli- 
tude of  the  wave  being  unity,  and  t  and  h  being  small  com- 
pared to  a  wave-length.     The  amplitude  of  the  strip  S  S^  can 

be  expressed  in  the  form  — ,  where  /c  is  a  quantity  to  be  deter- 
mined. Tf  the  effect  due  to  S  S^  is  known,  that  due  to  the 
whole  wave-front  may  be  calculated  ;  for  on  any  portion 
having  a  length  t'  a  rectangular  strij)  Q  Q^  could  be  erected,  the 
effect  of  which  could  be  determined  by  a})plying  the  same  factor 
which  converts  the  effect  of  the  central  element  at  0  into  the 

kIi  k^ 

strip  S  S';  that  is  to  say,  if  -^  is  the  effect  of  S  S^,  -^^  will  be 
^  -"      p\  p\ 

the  effect  of  the  complete  wave ;  and  as  this  is  unity,  it  fol- 
lows that  K  =  \/pX :  hence  the  effect  due  to  a  strip  of  width  /j 

and  of  indefinite  length  will  be  —,-;_.     A  similar  reasoning 

VpX 
shows  that  the  phase  due  to  such  a  strip  differs  by  hah'  a  right 
angle  from  the  phase  due  to  the  central  portion  at  0. 

In  order  to  find  the  efiect  at  P  of  a  wave-front  bounded  by 

H2 
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two  straight  lines,  L  L\  NN^  (fig.  2),  draw  the  perpendicular 
P  0;  and  divide  the  wave  into  rectangular  strips  such  that  the 
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resultant  phase  of  two  successive  strips  shall  be  opposite,  the 
phase  of  alternate  strips  agreeing  with  that  of  the  whole 
effect  at  P.  It  is  obvious  how  to  find  the  positions  of  the 
points  M„,  M„_,  when  these  are  not  close  up  to  0  ;  for  as  the 
whole  resultant  has  a  phase  Avhich  corresponds  to  a  distance 

PO  +  -,  and  as,  except  for  the  central  strips,  the  resultant 

phase  at  P  will  be  very  nearly  that  corresponding  to  the 
arithmetical  mean  of  the  extreme  distances,  we  shall  satisfy 
the  condition  by  making 

PM„_,=y>  +  --^— \, 

We  shall  assume  that  this  is  allowable  until  we  come  to  the 

central  strip;  so  that  PM^  — ^+^X.      This  division  differs 

from  that  usually  ado]ited,  and  herein  consists  the  great 
advantage  of  the  method  of  reduction  which  I  pro{)Ose. 

We  divide,  then,  the  central  line  0  K  into  elements  such 

that  2>\ 

PMi  =  PO  +^, 

PM2  =  PM,+  ^, 

PM3=PMo+  ^• 

It  has  already  been  shown  that,  after  the  first  few  eUMuents, 
the  resultant  vibration  due  to  tlie  elementary  strips  is  that 

corresponding  to  a  distance  ^;+  -.      If  this  is  true   for  all 
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elements  down  to  the  first,  it  must  also  be  true  for  the  first, 
because  the  wliole  resultant  shows  a  difference  of  ])liase  cor- 
respondintr  to  that  distance.     In  the  usual  way  of  treating 

the  subject,  PMi  is  taken  to  be  PO  +   .  ;  the  result  being  that 

the  first  element  produces  a  phase  differing  considerably  from 
that  of  the  succeeding  ones  :  by  reducing  the  width  of  the 
first  strip  we  make  the  difference  of  phase  nearly  equal  to  that 
of  the  others. 

The  followdng  Table  shows  the  phases  of  the  vibration  at  P 
due  to  successive  strips,  as  calculated  by  means  of  Fresnel's 
integral,  both  for  the  case  in  which  the  okl  division  is  taken 
and  the  one  here  suggested. 


Usual  divisioa 
into  strips. 

♦Suggested  division 
into  strips. 

Kesultant  Phase  due  to  first  strip 

53°  '10' 

42°  40' 

,,                „               second  strip... 

180° +80°  18' 

180° +38°  15' 

„               ,,              tbii'd  strip   ... 

86°  15' 

44°  20' 

Converging  towards    

90° 

45° 

and  

180° +90° 

180°+45° 

1 

If,  then,  the  usual  division  into  strips  is  adopted,  and  the 
amplitude  due  to  all  the  strips  is  added  up  algebraically,  as 
has  been  done  by  Mascart  and  others,  a  difference  of  phase  of 
37  degrees  is  treated  as  non-existent-  On  the  other  hand,  in 
the  division  which  I  suggest,  all  phases  are  nearly  ecpial.  The 
second  stri])  slwjws  the  greatest  difference  of  phase,  but  as  the 
cosine  of  7°  differs  by  less  than  one  per  cent,  from  unity  tbe 
results  of  the  calculation  will  be  sufficiently  accurate. 

We  shall  apply  this  new  division  into  strips  to  calculate 
the  position  and  intensity  of  diffraction-fringes  at  the  edge  of 
shadows  cast  by  straight  boundaries.  It  will  be  necessary  in 
the  first  place  to  calculate  the  amplitude  jtroduced  by  each 
strip  separately.  Assuming,  as  before,  that  the  phase  of 
vibration  at  P  produced  by  the  subdivisions  of  each  strip 
after  the   two  central  ones,  range  uniformly  over  two  right 

2       h 
angles,    the    amplitude    produced    at    P    will    be    —  •  ~7^, 

where    h    is    the    width  of  the  strip.      Neglecting    squares 
ofX,  we  find  that  the   width   MiMo   of  the  second   strip  is 
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\/pk  .  (\/7-v/aj/2,  tluit  of  tin;  third  v/yA.  (x/lT-v/7)/2, 
and  so  on. 

The  total  effect  of  all  the  strips  on  one  side  of  0  after  the 
first  will  therefore  he 

i  [(Vl-  >/8)  -  ( vTI-  \^1)  +  (^15-  '/II)  -. . .  ]. 

The  expression  in  square  brackets  converges  towards  the 
limit  "5420,  and  hence  the  effect  of  a  wave  of  indefinite 
extent  from  M,  outwards  will  be  •54:20/7r=*1725. 

From  this  we  may  calculate  the  effect  of  the  first  strip  OMi, 
for  each  half  of  the  wave-front  on  either  side  of  0  must  [)roduce 
an  amplitude  of  one  half.  As  the  effect  of  the  second  strip 
counteracts  that  of  the  first,  the  latter  must  cause  an  am- 
plitude at  P,  which  is  numerically  represented  by  "0725, 
the  amplitude  of  vibration  in  the  original  wave  being  taken 
as  unitv.  It  is  now  easy  to  calculate  the  amplitude  of  suc- 
cessive diffraction-bands  (fig.  3).     P  represents  the  point  at 
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which  the  amplitude  is  to  be  calculated,  LA  is  a  section  of 
the  plane  wave-front,  and  A  B  a  section  of  the  screen  which 
casts  the  shadow.  The  intensity  at  P  will  then  be  a  maximum, 
to  the  degree  of  accuracy  of  which  our  method  is  capable,  if 
the  screen  cuts  off  all  strips  on  one  side  except  the  first,  for 

Q 

in  that  case  PA=PO  +  -\,  and  the  phase  due  to  OA  is  the 

1 
same  as  that  due  to  a  distance  PO  +  -  \.     If  the  screen  were 

removed  further  away  from  0  it  would  expose  parts  of  the 
wave-front  differing  in  distance  by  more  than  half  a  wave- 
length from  the  latter  value,  and 'diminishing  therefore  the 
total  intensity.  According  to  the  strict  calculation,  the 
resultant  of  OA  shows  a  difference  of  ])hase  slightly  less  than 
that  given  here,  and  therefore  the  first  maximum  will  be 
reached  when  the  O  is  a  little  nearer  to  A,  but  the  difference 
is  ncirliffible. 
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The  amplitude  at  P  at  the  first  maximum  will  be  that  due 
to  half  the  complete  wave  in  a<ldition  to  that  due  to  the  first 
strip  OM,,  or  -5 +  "()725=:1-172;').  This  hein^-  the  amplitude, 
the  intensity  will  he  1*3748.  Fresnel  oives  for  the  int(msity 
of  the  first  maximum  1'3707  ;  so  that  the  approximate  calcu- 
lation yields  results  which  for  all  practical  purposes  are 
identical  with  the  true  ones.  For  the  subsequent  intensities 
of  maxima  and  minima  the  agreement  is  still  closer,  as  will 
be  seen  from  the  following  Table  : — 


Intensity  according 
to  Fresnel. 

Intensity  from 
ajDproximate  calculation. 

First  Maximum    

1-3707 

•7785 
1-1995 

•8433 
M511 

•8720 
1  •12(52 

-8892 
1-1103 

-9007 
1-0993 

•9093 

1-3748 

•V774 
ri995 

•8429 
1-1509 

-8718 
Ml'.-)9 

-8891 
1-1107 

•9006 
1-0994 

•9092 

Miiiimuiu     

Second  Maxiimuu    

,,         Minimum     

Third  ]\Ia\imiim  

Fourth  Maximum    

„         Minimum     

Sixth  Alaximum    

" 

The  irregularity  in  the  differences  is  partly  due  to  in- 
accuracy of  the  last  decimal  place  in  the  values  of  i  cos  v"  dv 
and  sin  v^  dv,  as  given  by  Fresnel,  but  it  would  hardly  repay 
the  trouble  to  recalculate  the  numbers. 

As  regards  the  position  of  the  maxima,  they  will  according 
to  our  calculation  occur  when  PA  is  equal  to 


PO+§X,  P0+  '^X,  &c; 

O  0 

the  minima  lying  at  points  for  which  PA  is  equal  to 

PO+^.X,  P0+^^\,  (tc. 

8  8 

It  is  known  that  these  positions  agree  very  well  with  those 
obtained  by  the  rigorous  analysis  ;  thus  Verdct  gives  as  a 
second  vip[)roximation  for  the  first  maxinuun 


and  first  minimum 


PA  =  PO-f  ^X--004G\, 

8 


PA=PO+ J\+-ooi(;\, 
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the  sn])soquont  maxima  ajid  minima  agreeing  still  more  closely 
with  tlie  first  approximation. 

The  elementary  method  which  has  been  described  gives 
therefore  results  which  for  an  approximate  method  are  of 
surprising  accuracy,  if  it  is  considered  that  no  integration 
has  been  made  use  of  beyond  that  imj)lied  in  the  statement 
that  if  a  large  numljcr  n  of  vibrations  of  equal  amplitudes 
:iiul  i>hases  unifornilv  distributed  throuiili  two  riiiht  auirles  are 

111  i"  •  Ott 

added  up  together,  the  amplitude  of  the  resultant  is  ^najir. 

The  more  general  proposition,  that  if  a  number  of  vibra- 
tions of  equal  amplitude  have  phases  uniformly  distributed 
through  an  angle  2(9,  the  resultant  is  obtained  by  reducing 
in  the  ratio  of  sin  6  :  6  the  value  calculated  on  the  supposition 
that  they  have  all  the  same  phase,  has  many  important  appHca- 
tions  in  the  theory  of  diffraction.  Several  pages  are  generally 
devoted  to  the  calculation  of  the  position  and  intensity  of 
diffraction-fringes  produced  by  a  slit  on  a  screen  at  a  great 
distance.  The  results  obtained  may  be  written  down  at  once 
from  the  above  proposition,  which  may  be  deduced  with  the 
help  of  a  series;  so  that  a  satisfactory  account  of  tlie  position 
and  intensity  of  ditfraction-bands  can  l)e  obtained  without  the 
help  of  the  integral  calculus. 

The  series 

S^H»?,  — ?«o-l-»/3  —  W4-f  ...   +»;,,,    .       .       .       .    (1) 

t\'here  the  terms  alter  their  value  only  slowly,  occurs  frequently 
in  problems  on  diffraction,  and  its  sum  is  said  to  be  equal  to 
half  the  first  added  to  half  the  last  term  ;  but  I  have  not  met 
with  a  satisfactory  proof  of  this  statement.  When  a  proof  is 
attempted  the  second  term  is  balanced  against  half  the  tirst, 
and  half  th.e  third,  and  so  on,  but  no  reason  is  given  why  the 
balance  should  not  be  made  in  another  way,  and  the  second 
term,  for  instance,  balanced  against  three  quarters  of  the  first 
and  one  quarter  of  the  third  term.  The  following  considera- 
tions will  show  in  what  cases  the  addition  of  the  above  series 
may  be  effected  in  the  manner  indicated.  "We  may  write  the 
series 

or 

^  =  ^".-ir~L("2     "'^"^  2)^(2      ^"«  +  -2-)+"* 
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Suppose,  in  the  first  place,  that  each  term  of  the  original 
series  has  an  absolute  value  which  is  greater  than  the 
arithmetical  mean  between  the  preceding  and  following 
terms. 

From  the  forms  (2)  and  (3)  we  see  at  once  that  then 

nil  —  ^  +  m„ ^  <  b  <  Y"  +  ~T- 

If  nil  is  very  nearly  equal  to  ni.2,  and  m„  nearly  equal  to 
w„_i,  the  two  limits  lie  close  together,  and  we  may  approxi- 
mately write 

8=^4/  +  ^^ (4) 

The  last  term  has  been  taken  as  positive  for  the  sake  of 
simplicity.     It  occurs  in  (4)  of  course  with  its  proper  sign. 

If  the  series  is  such  that  the  numerical  value  of  each  term 
is  less  than  the  arithmetical  mean  of  the  two  terms  between 
which  it  lies,  the  same  conclusion  follows  in  the  same  way. 

If  in  the  iivst  p  terms  of  the  series  each  term  has  a  greater 
value,  and  in  the  remaining  part  a  smaller  value  than  the 
arithmetical  mean  of  the  preceding  and  following  term,  we 
may  break  up  the  series  into  two,  and  obtain  the  sum 

nil        mp       nip+i       m„ 

It  is  thus  clear  that  the  expressions  (4)  will  be  the  correct  sum- 
mation onl}^,  if  the  series  can  be  broken  up  into  a  small  number 
of  separate  series  for  each  of  which  the  value  of  a  term  is 
either  smaller  or  greater  than  the  arithmetical  mean  of  the 
terms  between  which  it  stands,  so  that  the  sum  of  all  such 
values  as  rnp  —  nip+i  may  be  neglected.  In  other  words,  if  the 
absolute  values  of  the  terms  are  jilotted  as  ordinates  to  equi- 
distant abscissae,  the  curve  must  be  either  wholly  convex  or 
wholly  concave,  or  the  number  of  times  the  curve  changes 
fi'om  concavity  to  convexity  must  be  negligible  compared  to 
the  whole  number  of  terms  in  the  series. 

A  few  remarks  are  suggested  by  historical  considerations. 
I  do  not  know  who  first  made  use  of  the  term  "  Iluyghens 
zones,"  but  the  expression  does  not  seem  to  me  to  be 
altogether  approi)riate.  Huyghens  no  doubt  first  divided  a 
Wave-front  into  parts,  and  considered  the  effect  of  the  whole 
wave  to  be  the  same  as  that  of  the  sum  of  its  parts  ;  but  the 
importance  of  the  so-called  "  Huyghens  zone  '^  lies  not  in  the 
possibility  of  division  Ijut  in  the  jiarticular  manner  of  dividing 
into  elements,  by  means  of  ratlii  vectors  difi'ering  by  half  a 
wave-length.  This,  as  far  as  I  know,  is  exclusively  due  to 
Fresnel,  who   by   its  means  was  enabled  to  draw  important 
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conclusions  in  a  very  simple  manner.  I  think,  therefore,  that 
the  expression  Fresnel  zones  or  Fresnel  stri[)s  would  be  more 
a})f)ropriiite. 

Fresnel  himself  did  not  fall  into  the  pitfall  which  is  pointed 
out  in  this  paper.  All  his  statements  an;  well  guarded  and 
correct.  Lame,  in  his  Text-Book  on  Physics  (1840),  con- 
siderably extended  Fresnel's  reasonin<^,  and  drew  further 
conclusions  from  the  division  of  a  plane  wave  into  strips,  but 
he  also  avoided  the  algebraic  addition  of  the  effects  of  diiierent 
strips  which  have  not  the  same  phase. 

Verdet  was  less  careful,  and  through  the  following  passage 
{Lemons  il'Oji>fi</ue  phijsi(jue,  vol.  i.  p.  181)  is  responsible  for 
the  idea  that  the  successive  strips  divided  in  Fresnel's  manner 
give  rise  to  vibrations  of  opposite  phases  iri'espective  of  their 
distance  from  the  central  point : — 

"  II  est  facile  de  voir  que  deux  arcs  elementaires  consecutifs 

envoient  au  point  P  des  vitesses  de  signes  contraires  ;  car  ii 

chaque  point  pris  sur  Tun  de  ces  arcs  correspond  un  point 

situc  sur  I'arc  precedent  et  dont  la  distance  au  point  P  est 

inferieure    d^une    demi    longueur    d'ondulation    a    celle    du 

premier  point  au  meme  point  P,  d'oii  il  resulte  que  ces  deux 

points  envoient  a  P  des  vitesses  de  signes  contraii'cs." 

The  reasoning  here   is    obviouslv    wrong.      Consider  two 
..."  ^         , 

successive  elements  sending  vibrations   to  P  which  range  in 

phase  from  0  to  tt  and  from  tt  to  27r  respectively.     It  does 

not  follow  that  tbe  resultant  of  one  element  should  have  a 

phase  opposite  to  that  of  the  other  element,  quite  irrespective 

of  the  law  of  distribution  of  the  individual  vibrations  sent  out 

from  different   parts  of  each  element.     If  the  vibrations  are 

evenly  distributed,  Verdet's  conclusions   woukl  be  justified, 

hut  the  radius  vector  having  a  minimum  length  at  the  central 

spot,  alters  very  little  near  that  point.     The  vibrations  from 

the   first  element  combine    at   the    point  P  therefore    to  a 

resultant  having  a  difference  of  phase  considerably  smaller 

than    that    calculated    from   the   supposition    of   an    uniform 

distribution. 

I  cannot  help  thinking  that  writers  on  Physical  (.)ptics 
have  followeil  too  blindly  the  footsteps  of  Verilot,  whose  argu- 
ments do  not  seem  to  me  to  be  always  so  conclusive  as  they 
are  commonly  supposed  to  be. 

I  have  avoided  in  this  paper  speaking  of  a  ''  linear  wave," 
as  I  believe  more  harm  is  done  by  the  introduction  of  such 
an  idea  than  can  be  counterbalanced  by  the  slight  sim[tlifica- 
tion  of  expression.  Students  who  are  taught  to  live  onlv  in 
a  two-dimensional  sjtace  will  not  bo  able  to  make  much  use  of 
their  science  in  after  life. 
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X.    On  Pin-hole  Photography. 
By  Lord  Rayleigh,  Sec.  U.S.* 

[Plate  IV.] 

IT  has  long  been  known  tliat  the  resolving  power  of  lenses, 
however  perfect,  is  limited,  and  more  particularly  that 
the  capabihty  of  separating  close  distant  objects,  e.  g.  double 
stars,  is  proportional  to  aperture.  The  ground  of  the  limita- 
tion lies  in  the  finite  maonitude  of  the  wave-length  of  lioht 
(X),  and  the  consequent  difFusi(m  of  illumination  round  the 
geometrical  image  of  even  an  infinitely  small  radiant  point. 
It  is  easy  to  understand  tlie  rationale  of  this  process  without 
entering  u})on  any  calculations.  At  the  focal  point  itself  all 
the  vibrations  proceeding  from  various  parts  of  the  aperture 
arrive  in  the  same  phase.  The  illumination  is  therefore  here 
a  maximum.  But  why  is  it  less  at  neighbouring  points  in 
the  focal  plane  which  are  all  equally  exposed  to  the  vibrations 
from  the  aperture  ?  The  answer  can  only  be  that  at  such 
points  tbe  vibrations  are  discrepant.  This  discre])ance  can 
only  enter  by  degrees  ;  so  that  there  must  be  a  small  region 
round  the  focus  at  any  point  of  which  the  phases  are  practi- 
cally in  agreement,  and  the  illumination  sensibly  equal  to  the 
maximum. 

These  considerations  serve  also  to  fix  at  least  the  order  of 
magnitude  of  the  patch  of  light.  The  discrepancy  of  phase 
is  the  result  of  the  different  distances  of  the  various  parts  of 
the  aperture  from  the  eccentric  point  in  question  ;  and  the 
greatest  discrepancy  is  that  between  the  waves  which  come 
from  the  nearest  and  furthest  parts  of  the  aperture.  A  simple 
calculation  shows  that  the  greatest  difference  of  distance  is 
expressed  by  ir.rjf,  Avhere  2/-  is  the  diameter  of  the  aperture, 
/the  focal  length,  and  x  the  linear  eccentricity  of  the  point 
under  consideration.  The  question  under  discussion  is  at 
what  stage  does  this  difference  of  path  introduce  an  important 
discrepancy  of  phase  ?  It  is  easy  to  recognize  that  the  illu- 
mination will  not  be  greatly  reduced  until  the  extreme  discre- 
pancy of  phase  reaches  half  a  wave-length.     In  this  case 

2.i-=/X/2r, 

which  may  be  considered  to  give  roughly  the  diameter  of  the 
patch  of  light.  If  there  are  two  radiant  points,  the  two  repre- 
sentative })atches  will  seriously  overlap,  unless  the  distance  of 
their  centres  exceed  2.r.  Supposing  it  to  be  equal  to  'l,i\ 
which  corresponds  to  an  angular  interval  2.r//j  we  see  that 

*  Communicated  by  the  Author. 
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the  doublo  radiant  cannot  be  resolved  in  the  image,  unless  the 
angular  interval  exceed  \/'lr. 

Experiment*  shows  that  the  value  thus  roughly  estimated 
is  very  near  the  truth  for  a  rectangular  aperture  of  width  2?\ 
If  the  aperture  be  of  circular  form,  the  resolving  power  is 
somewhat  less,  in  the  ratio  of  about  1"1  :  1. 

It  is  therefore  not  going  too  far  to  say  that  there  is  nothing 
better  established  in  optics  than  the  limit  to  resolving  j)Ower 
as  proportional  to  aperture.  On  the  other  hand,  the  focal 
length  is  a  matter  of  indifference,  if  the  object-glass  be  perfect. 

This  is  one  side  of  the  question  before  us.  We  now  pass  on 
to  another,  in  which  the  focal  length  becomes  of  ])aramount 
importance. 

"  The  function  of  a  lens  in  formino"  an  imajie  is  to  com- 
pensate  by  its  variable  thickness  the  differences  in  jthase 
which  would  otherwise  exist  between  secondary  waves  arri- 
ving at  the  focal  point  from  various  parts  of  the  aperture.  If 
we  su})pose  the  diameter  of  the  lens  (2r)  to  be  given,  and  its 
focal  length  (/)  gradually  to  increase,  these  differences  of 
phase  at  the  image  of  an  infinitely  distant  luminous  point 
diminish  without  limit.  When/' attiiins  a  certain  value,  say/j, 
the  extreme  error  of  phase  to  be  compensated  falls  to  \\. 
Now,  as  I  have  shown  on  a  previous  occasion  f,  an  extreme 
error  of  phase  amounting  to  W  or  less,  produces  no  appre- 
ciable deterioration  in  the  definition  ;  so  that  from  this  point 
onwards  the  lens  is  useless,  as  only  improving  an  image  already 
sensibly  as  ])erfect  as  the  aperture  admits  of.  Throughout 
the  operation  of  increasing  the  focal  length,  the  resolving 
power  of  the  instrument,  which  dej)ends  only  upon  the  aj^er- 
ture,  remains  unchanged;  and  we  thus  arrive  at  the  rather 
startling  conclusion  that  a  telescope  of  any  degree  of  resolving 
power  might  be  constructed  without  an  object-glass,  if  onlv 
there  were  no  limit  to  the  admissible  focal  length.  This  last 
proviso,  however,  as  we  shall  see,  takes  away  ahnost  all 
practical  importance  from  the  i)roposition. 

''  To  get  an  idea  of  the  magnitudes  of  the  quantities  involved, 
let  us  take  the  case  of  an  a{)erture  of  1  inch,  about  that  of 
the  ])U])il  of  the  eye.  The  distance/i,  which  the  actual  focixl 
length  must  exceed,  is  given  by 

so  that  [ap[)roximately] 

*  "  On  tlio  rjosolviiip:  Power  of  Telescopes/'  rbil.  Map.  August  18S0. 
t  Phil.  Mag.  November  ]87t). 
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Thus,  ifX=  1/40,000,  r=  1/10, 

/i  =  800. 

The  image  of  the  sun  thrown  on  a  screen  at  a  distance 
exceeding  ^d  feet,  through  a  liole  ^  inch  in  diameter,  is 
therefore  at  least  as  well  defined  as  that  seen  direct.  In 
practice  it  would  he  better  defined,  as  the  direct  image  is  far 
from  perfect.  If  the  image  on  the  screen  be  regarded  from  a 
distance  j\,  it  will  appear  of  its  natural  angular  magnitude. 
Seen  from  a  distance  less  than  /i,  it  will  appear  magnified. 
Inasmuch  as  the  arrangement  affords  a  view  of  the  sun  with 
full  definition  [corresponding  to  aperture]  and  with  an  in- 
creased apparent  magnitude,  the  name  of  a  telescope  can 
hardly  be  denied  to  it. 

"  As  the  minimum  focal  length  increases  with  the  square 
of  the  aperture,  a  quite  impracticable  distance  would  be 
required  to  rival  the  resolving  power  of  a  modern  telescope. 
Even  for  an  aperture  of  four  inches/,  would  be  five  miles  "'^. 

A  more  practical  application  of  these  principles  is  to  be 
found  in  landscape  photography,  where  a  high  degree  of 
definition  is  often  mmecessary,  and  where  a  feeble  illumina- 
tion can  be  compensated  by  length  of  exposure.  In  a  recent 
communication  to  the  British  Association  f  it  was  pointed  out 
that  a  suitable  aperture  is  given  by  the  relation 

2r^=A; (1) 

and  a  photograph  was  exhibited  in  illustration  of  the  advan- 
tage to  be  derived  from  an  increase  of/.  The  subject  was  a 
weather-cock,  seen  against  the  sky,  and  it  was  taken  with  an 
aperture  of  ^  inch,  and  at  a  distance  of  9  feet.  The  amount 
of  detail  in  the  photograph  is  not  markedly  short  of  that 
observable  by  direct  vision  from  the  actual  point  of  \aew. 
The  question  of  brightness  was  also  considered.  As  the  focal 
length  increases,  the  brightness  (B)  in  the  image  of  a  pro- 
perly proportioned  pin-hole  camera  diminishes.     For 

Bccr'jf  ccr-X^/r' o:\yr' ex  X/f.     ...     (2) 

There  will  now  be  no  difficultv  in  understanding;  whv  a 
certain  aperture  is  more  favourable  than  either  a  larger  or  a 
smaller  one,  when /and  X  are  given.  If  the  aperture  be  very 
small,   the   definition   is  poor   even  if  the  aid   of  a  lens  be 

*  "  On  Images  formed  without  Ileflection  or  Refraction,"  Phil.  Mnjr. 
March  1881. 
t  Brit.  Assoc.  Beport,  188*J,  p,  4U3, 
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invoked.  If,  on  the  othor  liand,  the  aperture  be  large,  the 
Ions  boeoincs  indispensable.  The  size  of  the  ajiertiire  should 
accordingly  be  increased  up  to  the  point  at  which  the  lens  is 
sensibly  missed;  and  this,  as  Ave  liaAe  seen,  will  occur  in  the 
neighl)(jurliood  of  the  value  determined  by  (1).  A  more  pre- 
cise calculation  can  be  made  only  upon  the  basis  of  a  detailed 
knowledge  of  the  distribution  of  light  in  the  image. 

The  question  of  the  best  size  of  aperture  for  a  pin-hole 
camera  was  first  considered  by  Petzval*.  His  theory,  though 
it  can  hardly  be  regarded  as  sound,  brings  out  the  failure  of 
definition  when  the  aperture  is  either  too  large  or  too  small, 
and,  as  is  very  remarkable,  gives  (1)  as  the  best  relation 
between  r,f,  and  \.  The  argument  is  as  follows  : — If  the 
hole  be  very  small,  the  diameter  of  the  patch  of  light  repre- 
sentative of  a  luminous  point  is  given  by 

the  measurement  being  made  up  to  the  first  blackness  in  the 
diffraction-pattern.  "  This  formula  is  only  an  approximate 
one,  applicable  when  r  is  very  small  ;  in  the  case  of  a  larger 
aperture,  its  diameter  must  be  added  to  the  value  above  given, 
that  is  to  say, 

From  the  last  formula  we  can  at  once  deduce  the  best  value 
for  r  ;  in  other  words,  the  size  of  the  aperture  which  corre- 
sponds to  the  least  possible  value  of  D,  and  therefore  to  the 
sharpest  possible  image.  In  fact,  differentiating  the  last 
expression,  and  setting  in  the  ordinary  manner,  i/D/(/?'  =  0,  we 
fi.nd  at  once 

which  corresponds  to 

D  =  LV(2A)." 

The  assumption  that  intermediate  cases  can  be  represented  by 
mere  addition  of  the  terms  appropriate  in  the  extreme  cases 
of  very  large  and  very  small  apertures  appears  to  be  inad- 
missible. 

The  coni])lete  determination  of  the  imngeof  a  radiant  point 
as  given  by  a  small  aperture  is  a  ])roblem  in  diffraction,  solved 
only  within   the   last  years  by   Lonunel  ].      In   view  of  the 


Lord  Rajleigli  on  Pin-hole  PJLOIo<jrajiliy.  91 

practical  application  to  pin-hole  photography,  I  have  thought 
that  it  would  be  interesting  to  adapt  Lomniel's  results  to  the 
})rol)leni  in  hand,  and  to  exhibit  upon  the  same  diagram 
curves  showing  the  distribution  of  illumination  in  various 
cases.  For  the  details  of  the  investigation  reference  must  be 
mad<^  to  Lomniel's  memoir,  or  to  the  account  of  it  in  the 
J'Jncf/clopadia  Brkaiinica,  art.  "Wave  Theory/'  p.  444.  But 
it  may  be  well  to  state  the  results  somewhat  fully. 

In  the  following  formulae  a  is  the  distance  from  the  radiant 
point  to  the  a])erture,  h  from  the  aperture  to  the  screen  upon 
which  the  imaoe  is  formed.  The  circumstances  beino-  svm- 
metrical  about  a  line  through  the  radiant  point  and  the  centre 
of  the  circular  aperture  (radius  r),  the  illumination  P  will  be 
the  same  at  all  points  of  the  screen  equally  distant  ^  from  the 
axis,  and  the  ])roblem  to  be  solved  is  the  determination  of  l""^ 
as  a  function  of  ^  for  given  values  of  a,  h,  r,  and  X.  Lommel 
finds  that 

l'  =  ^(«=  +  S=),        ....     (3) 

where 

C  =  JJ  cos  (i  Kp^  —  Ip  cos  <f))  .  pdp  d(f),    ...     (4) 

^  =  ^^sin  (^Kp^  —  lp  cos  (})).  p  dp  d^,     .     .     .      (5) 

and  the  following  abbreviations  are  introduced  : — 


=  1 (6) 


The  above  corresponds  to  an  incident  wave  whose  intensity 
at  the  aperture  is  measured  by  1/a^.  The  integration  is  to  be 
taken  over  the  area  of  the  aperture,  that  is  from  ^  =  0  to 
(f)—'27r,  and  from  p  =  0  to  p  =  r.  If  we  introduce  the  notation 
of  liessel's  functions,  we  have 

0  =  277  \  Jo{lp)  con  (^Kp"^)  .pdp,     ....      (7) 
Jo 

S  =  l^TT  j    Jo(//3)  sin  (  ^  Kp')  .pdp (8) 

By  integration  by  parts  of  these  expressions  Lonnnel  develojjs 
series  suitable  for  calculation.     Settinij 

Kr=>j      /r=c, (0) 
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he  finds  in  the  first  place 

c=.,4'-^u,+  2ii^^uj,  .  .  .  (10) 
s=«.'f™ii'u,-i^'uA,   .   .  .  ai) 

^vllere 

Ui=fJir^)-^J3(^)+fJj.(c)-...,   .  .  {\±) 

U3=f^J2W-fIj4(^)  + (13) 

These  series  tire  convenient  when  y  is  less  than  z. 
The  second  set  of  expressions  are 

C  =  7r4^sini  +  ^yo-^V,K   .     .      (14) 

yy     '^y      \y  iy       J  ^ 

c,  o  r  2        z"^      cos  I  y  ^T       sin  i  y  ,7-  1  ^ ,  - 

ly     ^y      iy  \y      y  ^    ' 

where 

Vo  =  Jo(c)-^J,(.)  +  |*J,(c)-...,     .     .     (16) 

Vx=^Ji(c)-|j3(.-)  + 07) 

These  series  are  suitable  when  zfy  is  small. 

When  the  primary  wave  is  complete,  7'  =  oo  ,  and  we  have 
at  once  from  the  second  set  of  expressions 

^         27r  .     Z'       ^         27r        /- 
so  that 

,0      Ct+S;  1 

T_     _   ^^_| 00.  __ l\^)\ 

arU^         {a  +  hf      '     '      '      '      ^^'^ 

as  we  know  it  should  be. 

At  the  cential  point  of  the  ima^c  where  z  =  0,  V(,=  1 ,  A";  =0, 


and 


^^         .,  sin  i  V      o  „  J  2      cos  |  y\ 

\y  ly       \y  J 

1-=     -     ,  .,  sin-(- ,  ,   ) (20) 
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Iiigenenilby(lO),  (11), 

C2  +  S2=i^|Ui2  +  U2--^}=7rV.M^     .     .      (21) 

y 

if  with  Lommel  we  set 

^=^h(^^ (--' 

Also 

V=^^,.W (23) 

a-lrX- 

In  these  formula?  U,^  V^',  and  therefore  by  (22),  (23)  M^ 
and  P  are  known  functions  of  y  and  2^.  The  connexion  with 
r  and  ^  is  given  by  the  relations 

In  Lommel's  memoir  are  given  the  values  of  M^  for  integral 
values  of  z  from  0  to  12  when  ?/  has  the  values  tt,  27r,  ott, 
&c.     If  we  regard  a,  h,  X  as  given,  each  of  these  Tables  affords 
a  knowledge  of  the  distribution  of  illumination  as  a  function 
of  f  for  a  certain  radius  of  a})erture  by  means  of  the  two 
equations  (24).     In  each  case  ^  is  proportional  to  z;  but  in 
comparing  one  case  with  another  we  have  to  bear  in  mind 
that  the  ratio  of  ^  to  ^  varies.     As  our  object  is  to  com[)are 
the  distributions  of  illumination  when    the    aperture  varies, 
we  must  treat  ^,  and  not  z,  as  the  abscissa  in  our  diagrams. 
Another  question  arises  as  to  how  the  scale  of  the  ordinate  P 
should  be  dealt  with  in  the  various  cases.     If  we  take  (23)  as 
it  stands  we  shall  have   curves   corresponding  to   the  same 
actual  intensity  of  the  radiant  point.     For  some  purposes  this 
might  be  desirable  ;   but  in  the  aj)plication  to  photography 
the   deficiency   of  illumination   when   the   aperture   is  much 
reduced  w^ould  always  be  compensated  by  increased  exposure. 
It  will  be  more  practical  to  vary  the  scale  of  ordinates  from 
that  prescribed  in  (23),  so  as  to  render  tlu^  illumination  cor- 
res[)ondiiig  to  an  extended  source  of  light,  such  as  the  sky, 
the  same  in  all  cases.     We  shall  effect  this  by  removing  from 
the  right-hand  member  of  (23)   a  factor  proportional  to  the 
area  of  aperture,  proportional  that  is  to  r^,  or  r/.     Tluis  for 
any  value  of  y  equal  to  sir,  we  shall  require  to  })lot  as  ordi- 
nate, not  M'"^  simply,  but  .sM",  and  as  abscissa,  not  z  simjily, 
l)ut  c/s/.v.     The  following  are  at  once  deduced  from  Lommel's 
tables  Ill.-Vl. 
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•0121 

•0(J18 
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•0037 
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•0013 

•0016 

3-8317 
4-71.53 
7-0156 
8-3060 
10-1735 
11-5785 



•0263  Min. 
-0320  Max. 
-0018  Min. 
-0055  Max. 
•0003  Mir.. 
•0019  Max. 

?/  =  27r. 
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-8106  Max. 

-6316 

-3117 

-151*0 

-1438 

•1077 

-042(i 

■0200 

•0227 

-0125 

•a)34 

-00.53 

-(.K)46 

3-5977 
3-8317 
7  01.56 
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11-4135 

2544 
2-710 

4-;mu 

5-578 
7-193 
8-070 

•1440  Min. 
•1442  Mnx. 
•0198  Min. 
-0-229  Max. 
-0032  Mill. 
-0059  Max. 
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?/  =  47r. 
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•577 
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4-041 
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6-3.50 
6-927 

•2702  Max. 

•2159 

•1631 

•2110 

•2449 

•1734 

■0916 

■0739 

•0651 

•0335 

•0156 

•0178 

-0122 

1-9969 
3-8317 
7^0156 
7-0878 
10-1735 
110361 

1-1.53 
2-212 
4^050 
4092 
5871 
6^374 

•1631  Min. 
•2467  Max. 
•0737  Min. 
-0739  Max. 
•0154  Min. 
•0178  Max. 
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1                  z. 
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2-500 
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5-500 
60U0 

■0000  Min. 

-0056 

-0609 

•1.'.94 

•1947 

•1515 

•1293 

•1399 

•1148 

•0658 

•0484 

•0458 

■0280 

3-8317 
1            5-8978 

70156 
10^1735 
10^3861 

1-9158 
2-9489 
3-5078 
5-0867 
5-1930 

•1961  Max. 
•1291  Min. 
•1399  Max. 
■0483  Min. 
•0483  Max. 

As  it  appeared  desirable  to  traee  the  eiirve  corres])oiidiiig  to 
a  siiiuller  value  ot"  i)  than  any  <i'iveii  hv  Lominel,  1  1kiv(>  i-aicu- 
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lated  by  means  of  (12),  (13)  the  value  of  ^  W,  that  is  of 

corresponding  to  r  =  0,  1,  2,  3,  4. 
The  results  are  as  follows  : — 


y  =  \'rr. 

z. 

V2.^. 

4M». 

0 

1 
2 
3 
4 

•000 
1-414 
2-828 
4-243 
5-657 

•47-18 
•3079 
•1590 
-0272 
•0041 

The  various  curves,  or  rather  the  halves  of  thorn,  are  plotted 
in  Plate  IV.,  and  exhibit  to  the  eye  the  distrilmtion  of  light  in 
the  images  corresponding  to  the  different  apertures.  It  is  at 
once  evident  that  ^  =  ^7r  is  too  small,  and  that^  =  37ris  too 
great.  The  only  question  that  can  arise  is  between  y  =  'ir  and 
y=2'ir.  The  latter  has  decidedly  the  higher  resolving  power, 
hut  the  advantage  is  to  some  extent  paid  for  in  the  greater 
diffusion  of  light  outside  the  iuiage  ])roper.  In  estimating 
this  \v('  must  remember  that  the  amount  of  light  is  represented, 
not  by  the  areas  of  the  various  parts  of  the  diagrams,  but  by 
the  volumes  of  the  solids  formed  by  the  revolution  of  the 
curves  round  the  axis  of  I^.  In  virtue  of  the  method  of  con- 
struction the  total  volume  is  the  same  in  all  cases.  The  best 
aperture  will  thus  depend  in  some  degree  upon  the  subject  to 
be  re])resonted  ;  but  there  is  every  reason  to  thiuk  that  in 
general  3/  =  27r  will  ])rove  more  advantageous  than^  =  7r.  It 
will  be  convenient  to  recall  that 

or,  if  we  write  a  =  X) ,  h=j', 

ylTT  =  2r-,y\ (25) 

The  curve  v/  =  7r  thus  corresponds  to  (1)  ;  and  we  conclude 
that  the  aperture  may  proj)erly  be  somewhat  eidarged  so  as 
to  make 

r-  =  \f. (2(!) 

In  the  general  case  when  a  is  iinite,  y/ir  represents  four  times 
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tlio  number  of  wave-lengths  by  which  the  extreme  ray  is 
retarded  relatively  to  the  central  ray  ;  for 

s/{a^  +  'r^)^-\/(J>'^  +  r'')-a-l>  _  r"  a±b 


2X 


approximately. 


According  to  (2G)  the  aperture  should  be  enlarged  until  the 
retardation  amounts  to  ^X. 

In  the  image  of  a  double  star  the  curves  of  brightness 
proper  to  the  two  components  are  superposed.  If  the  com- 
ponents are  equal,  resolution  will  be  just  beginning  when  the 
distance  of  the  geometrical  images  asunder  is  the  double  of 
the  value  of  ^  for  which  P  has  about  one-half  its  maximum 
value.  By  inspection  of  the  curve  for  ?/  =  27r  we  see  that 
there  wdll  not  be  much  aj^pearance  of  resolution  until 
2'/v/2  =  l*5.  The  corresponding  angular  interval  between 
the  two  components  is 

f  =  '-^^^^/(^) (-) 

This  may  be  regarded  as  defining  the  maximum  separating 
power  as  a  function  of  \  and  /. 

Passing  on  from  the  theoretical  discussion,  I  will  now 
describe  certain  laboratory  observations  upon  the  defining 
power  of  various  apertures.  A  succession  of  such,  of  gradually 
increasing  magnitude,  were  perforated  in  a  piece  of  thin 
sheet  zinc,  and  \\ere  measured  under  the  microscope.  The 
diameters,  in  fractions  of  an  inch,  are  as  follows  : — 


(1) 

(2) 

(3) 

(4) 

(5) 

(fi) 

•0210, 

•0210, 

•02G2, 

•0290, 

•0326, 

•oa(>() 

The  objects,  whose  images  were  examined,  are  (1)  a  grating 
cut  out  of  sheet  zinc,  and  (2)  a  pair  of  equal  round  holes  a 
quarter  of  an  inch  apart.  The  period  of  the  grating  is  also  a 
quarter  inch,  and  the  transparent  and  opaque  parts  are  equally 
wide.  Behind  the  grating,  or  double  hole,  was  placed  a 
paraffin  lamp  and  a  large  condensing  lens.  The  distance  a 
between  the  objects  and  the  apertures  under  test  was  about 
18  feet. 

The  best  image  with  a  given  aperture  is  obtained  by 
bringing  the  eye  innnediately  behind,  without  the  use  of  a 
focusing  lens.  But  the  image  formed  at  a  sufficient  distance 
beyond,  and  examined  with  a  focusing  glass  of  low  power, 
is    nearly  as    good.      Thus   at  a   sufficient  distance    {l>)    the 
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larfTfist  aperture  gives  the  best  image,  but  at  a  given  distance 
behind  the  case  is  otherwise.  For  example,  when  tlie  image 
was  formed  at  8  inches  distance,  (2)  and  (3)  were  about  equal 
as  respects  the  double  hole,  while  (1)  was  decidedly  inferior, 
and  that  not  a])f)ar('ntly  from  want  of  light.  In  the  case  of 
the  grating  (8)  had  perhaps  the  advantage  over  (2). 

A  photograi)h  of  th(^  doultle  hole  was  now  taken  under  the 
same  circumstances  with  an  exposure  of  80  minutes.  Aper- 
ture (2)  was  here  decidedly  better  than  (3),  and  (1)  was 
almost  as  good  as  (2).  The  (negative)  image  formed  by  (5) 
exhibited  a  pair  of  white  spots  near  the  centre  of  a  patch  of 
black,  corresponding  to  the  state  of  things  indicated  in  th«^ 
curve  _y  =  47r.  The  difference  between  the  ])hotograph  and 
the  result  obtained  by  eye  ol)servation  is  readily  explained  by 
the  smaller  effective  wave-length  in  the  former  case. 

The  difference  just  spoken  of  is  intensified  when  the  light 
is  whitii.  In  one  experiment  upon  cloud-light  «='21  feet, 
l)=\0  inches.  In  the  resulting  ^jhotograph,  obtained  upon 
an  llfoi'd  ])late  with  an  exposure  of  30  minutes,  the  image 
from  (2)  was  decidedly  the  best. 

We  may  utilize  the  last  result  to  calculate  the  relation  be- 
tween aperture  and  focus  most  suitable  for  out  of  door  photo- 
graphy.    We  have 


=  10~^x5-0'j  inches=10-'*x  1-52  centim. 

Thus,  if  rt  =  CO  ,  as  may  usually  be  supposed  in  landscape- 
photography,  the  most  favourable  diameter  of  aperture  is 
given  by 

(2r)7/=10-^'  X  G-0  inches  =  lO-t  x  1-5  centim., 

the  first  numl)er  being  em{)loyed  if  r  and  /'  are  measured  in 
inches,  and  the  latter  when  the  measures  are  in  centimetres*. 
If/"=]2  inches,  2;-  =  -027  inch.  If  /'=7x  12  =  84  inches, 
2/'  =  '071  inch. 

The  experimental  determination  of  the  best  value  of  y 
is  more  easily  efiected  by  eye  observations.  In  onler  to 
render  the  wave-length  more  definite  an  orange-red  glass  was 
employed.  With  a  =  l8  feet, /»  =  8  inches,  the  image  formed 
by  aperture  (3)  was  judged  to  be  decidetlly  the  best,  (2)  was 

#  Tlu>  ert'cct  of  vnrviiifr  tlie  dinnietor  of  aiXTtine  in  photograjiliic  Iftiid- 
scape  work  lia.s  bi'cn  tostcil  by  (.'apt.  Abiu'V  ;  but  I  am  not  in  ]>os.«es«ion 
of  the  data  ay  to  focal  k'iii:th  noiossary  for  a  comparison  with  the  above. 
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next,  while  (1)   and   (4)   were  decidedly  behind.     Thus  we 
may  take  as  the  most  favoural)le  aperture  2r  =  *026  inch. 

The  mean  wave-length   of  the  light  employed  was  found 
with  the  aid  of  a  grating  by  a  comparison  with  a  soda  flame  : — 

Mean  \:Xd  =  239:  226; 

so  that 


\=  ^  X  5-89  X  10-5=0-23  x  10-^  centim. 


Hence 


,       2?-Vl       1\       ('026)^  7  2-54x10^     ,  ,^ 
^^"=  XU  +  6  j  =  -2—54      6-23      =^''^^ 

agreeing  very  well  with  what  was  expected  from  the  curves. 
If  we  now  assume  that  the  best  value  of  y  is  1"8,  we  can 
calculate    backwards   from  the  photographic   results  to    find 
the  mean  X  there  effective.     We  have 


10-^ 
whence 


xl-52  =  (2r)2(i+  J")  =  ?^=2Xxl-8; 
^         \a       0/  IT 


X,  =  4-2  x  10-5  centim., 


a  little  less  than  that  belonging  to  Fraunhofer^s  line  G. 

To  test  the  improvement  of  definition  which  according  to 
(27)  accompanies  an  increase  of/,  I  have  used  an  aperture  of 
'07  inch  and  a  focal  length  of  7  feet.  The  aperture  was  per- 
forated in  sheet  zinc,  and  was  placed  in  the  shutter  of  a  room 
otherwise  completely  darkened.  The  subject  was  a  group  of 
cedars,  and,  being  somewhat  dark  in  the  shadows,  required  an 
exposure  of  about  an  hour  and  a  half,  even  in  sunshine.  The 
resulting  12  x  10-inch  photographs  fully  bear  out  expectations. 
To  a])pear  in  natural  magnitude  the  pictures  would  of  course 
need  to  bo  held  at  7  feet  distance  from  the  eye  ;  but  even  at 
3  or  4  feet  the  ap])arent  definition  is  sufficient.  1  have  also 
taken  panoramic  pictures  with  an  aperture  of  '027  inch  and 
a  focal  distance  of  12  inches  ;  but  in  this  case  there  is  nothing 
that  could  not  equally  well  be  done  with  an  ordinary  portable 
camera. 

Terling  Place,  Witliam,  Essex, 
Dec.  2,  18U0. 
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XI.    The  Prohlem  of  the  Behariour  of  the  .}f((fjnefic  Field  about 
a  Revoh'ing  Mtujnet.     Jiy  S.  ToLVEii  Preston*. 

WHEN  tliG  earth  revolves  on  its  axis,  does  the  magnetic 
field  (the  earth  being  regarded  as  a  magnet)  revolve 
with  it  ? 

With  the  view  to  test  this  question  of  the  behaviour  of 
the  magnetic  field  about  a  revolving  magnet,  I  have  pro])Osed 
(communicated  in  an  unpublished  letter)  the  following  ex- 
periment whcrebv  some  phenomena  are  in  question  which 
(without  ])i-()l)al)ly  involving  any  novelty  in  point  of  theorv) 
might  seem  to  merit  a  passing  notice.  I  will  briefly  indicate 
this  here. 

(tig.    1)    represent  a   cylindrical   bar-magnet :  the 


Let 


Fig.  1. 
Jlypotliesis  (1). 

+ 


Fig.  2. 
Hypothesis  (2). 

y..t_J= .+ 

^     J.  J. 


cylindrical  form  may  be  taken  for  sinijilicity  hero.  Let  the 
niiignet  be  rotated  about  its  vertical  axis  below  the  circular  flat 
plate  or  disk  (of  metal)  p,  seen  edgeways  in  the  diagram. 

Then  under  hypothesis  (1),  that  the  magnetic  field  remains 
stationary  or  fixed  while  the  miignet  revolves  (as  Faradav 
thouglitf  he  had  proved),  the  magnet  will  revolve  through  its 
own  field,  and  therefore  become  charged  up  at  its  poles  and 
equatorial  part  by  electricity  of  opposite  sign,  dependent  on 
the  direction  of  rotation,  as  fig.  1  indicates.  This  magnetic 
field  (as  it  does  not  rotate)  cannot  electrodynamically  inHiience 
the  disk^j  ;  but — and  here  is  the  point  I  wish  to  call  attention 
to — this  charge  at  the  ui)per  pole  of  the  magnet  can  act  by 
static  electric  induction  across  the  la^er  of  air,  and  so  produce 
an  opposite  charge  below  the  disk  j>.     The  disk  is  therefore 

*  (loinnmiiicated  by  tlio  Author. 

*  Two  ]i;ipi"rs  bv  nie  in  llu'  Philosophicnl  Mngazine  for  February  and 
Mairli  188.")  may  bo  roroned  to  m  connexion  ^vith  tliis.  The  present 
papor,  however,  is  a  separate  one  iu  iltelt",  vv  is  laiginal  aud  unjiublished. 
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charojed  negatively  below  and  positively  above  in  the  present 
case  (fifr.  1).  It  remains,  tluin,  to  investit^ate  the  nature  of 
this  charge  in  order  to  prove  wliicli  hypothesis  is  true — i.  e. 
in  order  to  show  wliether  the  magnetic  field  rotates  with  the 
magnet  or  does  not  do  so. 

For  it  will  be  perceived  that  under  hypothesis  (2),  when 
the  magnetic  field  {per  contra)  is  assumed  to  revolve  with  the 
magnet,  the  field  will  cut  through  or  intersect  the  disk  p 
(fig.  2)  as  the  magnet  revolves  ;  and  so  the  disk  will,  accord- 
ing to  known  principles,  be  charged  through  electrodynamic* 
induction  with  electricity  of  opposite  sign  at  its  centre  and 
periphery  respectively,  as  fig.  2  shows. 

But  it  will  be  observed  that  the  decomposition  of  the  elec- 
tricity in  the  disk  takes  place  under  hypothesis  (2)  in  a 
direction  at  right  angles  to  that  which  occurs  under  hypo- 
thesis (1).  So  that  it  will  be  evident  that  we  have  a  ])hysicai 
test  between  the  two  opposite  hypotheses  here.  Under  hy- 
pothesis (1),  namely,  the  disk  is  polarized  by  oieQirostatic 
induction  in  the  direction  of  its  thickness  ;  and  under  hypo- 
thesis (2)  the  disk  is  polarized  by  electroc/^/najm'c  induction 
in  a  direction  at  right  angles  to  the  former,  viz.  transversely, 
or  along  all  its  radii,  as  fig.  2  indicates.  These  diverse  phy- 
sical effects  then,  as  it  appears,  are  capable  of  constituting  a 
test  to  decide  between  the  two  rival  hypotheses. 

But  I  am  informed  by  Prof.  H.  Hertz,  of  Bonn,  to  wdiom 
I  had  communicated  the  above  by  letter,  that  with  a  normally 
sensitive  electrometer  a  considerable  velocity  of  rotation  with 
a  mairnet  of  laro-e  size  would  be  calcnla])lv  required  in  order 
to  produce  a  distinct  d(^flexion  under  either  hypothesis  :  and 
facts  of  this  kind  discourage  from  trying  the  exi)eriment. 

I  would  therefore  venture  to  ask — in  order  to  facilitate  the 
experiment — whether  with  the  aid  of  Mr.  V(M'non  Boys's 
discoveries,  or  those  of  others,  it  is  not  possible  to  bring 
the  electrometer  to  a  much  hio;her  degree  of  sensitiveness? 
Prof.  Hertz  lays  stress  on  the  great  int(M-est  attaching  to  the 
inquiry,  and  agrees  that  the  conditions  of  test  as  above  pro- 
posed should  t  be  capable  of  deciding  this  ([uestion, — presup- 

*  This  charge  will  react  elcc-trostatically  ou  the  mnjifnet,  to  produce  a 
feeble  (secondary)  charge  there,  which  need  not  be  taken  into  account, 
as  it  does  not  ali'ect  our  experiment. 

t  It  may  be,  of  course,  that  the  magnetic  tidd  partlij  ]mrtakes  of  the 
motion  of  the  revolving  magnet,  or  tliat  something  between  the  two 
hypotheses  is  true.  Tiien  a  modified  distribution  of  charge  ou  the  disk 
would  obviously  present  itself,  consistent  with  such  conditions.  In  other 
words,  if  neither  vertical  nor  horizontal  polarization  of  the  disk  were 
found  to  be  precise  (but  a  sup(>rposition  of  the  one  upon  tli(>  other),  then 
this  would  obviously  indicate  that  the  tield  partly  shared  the  rotation  of 
the  magnet,  so  that  both  magnet  and  disk  were  intersected  by  the  held. 
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posinf^  of  course  sufficient  instrumental  moans.  It  seems 
therefore  that  a  specially  sensitive  electrometer  would  be 
doubly  effective  here,  as  eliminating  the  shock  and  concussion 
inevitablv  atten<lant  on  a  high  velocity  and  a  large  magnet, 
^vhich  tcnid  to  conceal  delicate  observations. 

Hamburg,  December  13,  1890. 


XII.   Alternate  Current-Condensers,     /^y  J.  SwiNBURXE*. 

THOUGH  condensers  have  been  proposed  for  various 
methods  of  distribution  of  electrical  power,  schemes 
involving  the  use  of  them  have  never  developed  enough  for 
alternating  current-condensers  to  be  made  commercially.  It 
is  generallv  assumed  that  there  is  no  ditHculty  in  making 
them  ;  all  that  is  needed  is  to  separate  a  number  of  thin  plates 
by  means  of  sheets  of  insulating  material. 

The  first  difficulty  is  insulation.  If  a  condenser  is  to  take 
2000  effective  volts,  the  insulation  must  be  very  good.  Too 
great  thickness  of  dielectric  cannot  be  allowed,  as  that  would 
lessen  the  capacity,  and  increase  the  cost  of  material.  The 
surface  of  such  a  condenser  for,  say,  ten  amperes  is  about  a 
thousand  square  feet,  and  the  problem  of  making  a  thousand 
square  feet  of  thin  insulating  material  that  will  safely  stand 
2000  volts  is  not  easy.  I  have  made  sam})les  which,  though 
only  a  little  over  a  tenth  of  a  millimetre  thick,  would  stand 
8000  effective  volts  for  some  time  before  breaking  down. 
When  made  up  into  a  large  condenser,  two  or  three  thousand 
volts  would  generally  break  it  down  in  a  few  hours. 

Insulation  is  not  by  any  means  the  only  difficulty,  however ; 
there  is  another,  which  is  probably  intimately  connected  with 
it,  and  that  is  absorption  of  electric  power  in  the  dielectric, 
and  conse(|uent  heating.  It  is  well  known  that  Levden  jars 
get  hot  if  charged  and  discharged  frequently  ;  and  also  that 
the  phenomenon  of  electric  absorption  is  manifested.  When 
there  is  absorption,  the  current  out  of  the  condenser  is  not 
proportional  to  the  rate  of  decrease  of  the  electromotive 
force,  and  probably  the  current  into  it  is  not  jiroportional  to 
the  rate  of  increase.  This  means  that  the  condenser  absorbs 
energv  and  Ci)nverts  it  into  heat. 

Such  questions  have  been  frequently  studied  in  connexion 
with  curves  of  sines,  but  it  is  easier  to  show  the  truth  of  this 
generally.     Let  C  be  the  current,  E  the  electromotive  force, 

*  Commuiiicatod  bv  tbo  Physical  Society:  read  Deccniber  \'2,  1S90. 


Alternate  Current-Condensers.  103 

K  the  capacity,  and  t  the  time.     Then 

and  tlie  power  spent  at  any  instant, 

EC  =  EK^. 
dt 

If  e  is  the  maximum  electromotive  force,  the  work  done  in 
charoinii-  the  condenser  is  thus 

Jo 

the  ordinary  expression.     On  discharging,  the  work  absorbed 
is 

K»    EfZE    or    -iKA 


1'= 


It  is  equally  easy  to  show  that  no  power  is  absorbed  in  the 
case  of  an  induction-coil  with  no  hysteresis,  without  assuming 
the  pressure  to  vary  harmonically. 

If  C  does  not  var}^  as  the  rate  of  increase  or  decrease  of  E, 
but  is  greater  on  charging  and  less  on  discharging,  power  is 
absorbed.  A  hysteresis  curve,  like  those  we  are  accustomed 
to  in  iron,  can  be  plotted  in  the  case  of  a  condenser.  It  has 
no  very  close  analogy  "svith  the  case  of  iron,  however. 

At  first  it  might  seem  that  absorption  might  be  neglected 
as  too  trifling  to  matter  in  commercial  work.  This,  however, 
is  not  the  case.  Some  condensers  about  a  foot  square  and  an 
inch  thick  absorbed  over  half  a  horse-power,  and  soon  rose 
above  the  temperature  of  boiling  water. 

According  to  Maxwell's  theory,  the  absorption  of  power  is 
just  as  easily  explained  as  the  time-lag  in  discharge.  Suppose 
the  dielectric  is  paper  soaked  in  melted  ])aratfin,  and  suppose 
the  fibres  of  paper  do  not  insulate  and  that  the  paraffin  does. 
When  the  plates  are  charged,  a  filtre  running  part  of  the  way 
across  the  dielectric  finds  its  ends  at  dificreiit  potentials  ;  so 
a  current  is  set  up  to  equalize  them.  This  cun-ent  means  loss 
of  power  by  heat.  It  also  increases  the  capacity  of  the  con- 
denser. An  increase  of  the  ca])acity  of  the  condenser  when 
the  pressure  is  increasing,  or  after  it  is  a])plied,  means  in- 
creased energy  put  into  the  condenser.  If  the  capacity  of 
the  condenser  were  constant,  the  current  into  it  would  be 
proportional  to  the  rate  of  increase  of  the  electromotive  foire, 
and  no  power  would  be  absorbed  in  a  period  ;  but  if  the 
capacity  is  increased  as  the  pressure  rises  and  decreased  as  it 
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falls,  there  is  an  extra  current  produced  which  is  not  propor- 
tional to  the  rate  of  increase  of  the  electromotive  force,  and 
this  su])plies  the  loss  in  the  condenser.  The  condenser  may 
still  show  j)f'rf('ct  insulation  under  a  direct  pressure.  Accord- 
ing- to  this  theory,  absorption  is  necessarily  accompanied  by 
an  incr(;ase  of  cajjacity.  This  is  important  in  connexion  "with 
the  electromagnetic  theory  of  light.  Absorption  would 
always  increase  the  apparent  capacity  of  a  condenser,  so  that 
determinations  of  specific  inductive  capacity  of  absorptive 
dielectrics  would  come  out  too  hioh.  The  dielectrics  which 
come  out  too  high,  such  as  glass,  are  just  those  which  heat 
most.  The  energy  absorbed  in  a  given  dielectric  would  be  a 
function  of  the  frequency  and  the  resistance  of  the  conducting 
parts.  It  is  thus  possible  that  a  dielectric  might  be  opaque 
to  light,  and  diathermanous  if  the  resistance  is  comparatively 
low,  or  transparent  to  light,  but  not  to  dark  heat  if  it  is  some- 
what higher.  Similarly  a  Leydcn  jar,  which  al>sorbs  power 
when  comiected  to  an  alternating  dynamo,  may  lose  little  of 
its  energy  internally  when  discharged  oscillatorilv  by  a  spark. 
The  case  of  a  fibrous  imperfect  insulator  embedded  in  a 
perfect  insulator  is  not  susceptible  of  mathematical  treat- 
ment and  was  not  taken  by  ]\Iaxwell.  Mica  is  perhaps  a 
better  example.  It  is  a  good  insulator,  but  gets  very  hot. 
If  a  thin  plate  is  put  between  two  sheets  of  tinfoil,  heating 
soon  shows.  Here  we  have  tinfoil,  then  a  stratum  of  air,  then 
mica,  which  is  itself  stratified,  then  air,  then  tinfoil  again. 
The  static  attraction  presses  the  foil  close  against  the  mica, 
still  there  is  air.  Unless  the  mica  is  very  tliick,  the  fall  of 
potential  between  the  plates  is  so  ra])id  that  the  air  breaks 
down  and  there  is  a  disruptive  discharge  between  the  foil  and 
tht!  mica.  This  actually  occurs  ;  there  appears  to  be  a  lumi- 
nous layer  of  minute  blue  sparks  under  the  foils,  and  there  is 
a  strong  smell  of  ozone.  The  discharge  under  the  foils,  which 
is  rendered  visible  by  the  transparency  of  the  mica,  must  not 
be  confused  with  the  brush-discharge  round  the  edges  of  the 
foil,  which  differs  in  a])))earance.  There  is  considerable  heat- 
ing even  when  the  foil  is  affixed  with  j)arafHn-wax  so  that 
there  is  no  air. 

Of  course  mica,  being  stratified,  may  consist  of  alternate 
sheets  of  some  im])erfect  conductor  and  an  insulator.  It  is 
more  difficult  to  find  a  reason  why  glass  should  heat.  At 
high  tenijteratures  it  is  an  electrolyte,  and  it  has  no  definite 
soli(lil\  ing-point,  so  it  may  be  jtartially  electrolytic  at  ordi- 
nary temjievaturcs.  Such  an  exj)lanation  can  hardly  be 
a})plied  to  such  a  substance  as  celluloid.  This  is  a  very  per- 
fect insulator,  at  least  till  it  breaks  down  di.-ruptively,  and  it 
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seems  to  be  homogeneous,  and  is  not  hygroscopic,  yet  it  heats 
considerably. 

For  commercial  condensers  the  choice  of  insulating  material 
is  limited.  Most  ^vork  has  been  done  on  condensers  with  paper 
and  hydrocarbon  insulation.  It  is  difficult  to  know  whether 
a  fault  lies  in  the  paper  or  in  the  hydrocarbon.  The  paper  is 
baked  at  a  high  temperature,  and  all  temperatures  and  times 
of  baking  have  been  tried.  Paper  goes  on  giving  off  water 
till  there  is  nothing  but  a  charred  brittle  mass  left.  Many 
hydrocarbons  contain  enough  water  to  prevent,  for  instance, 
their  dissolving  rubber.  Plios])horic  anhyilride  was  used  to 
dry  several  samples,  but  seemed  to  do  little  good,  in  fact  the 
crude  hydrocarbon  was  often  better.  Papers  vary  astonish- 
ingly in  their  behaviour.  Mr.  Bourne,  who  has  been  working 
at  these  things  for  some  months,  has  tried  almost  every  con- 
ceivable way  of  making  condensers.  We  are  just  beginning 
to  succeed,  but  it  is  more  by  chance  than  anything  else.  We 
see  no  reason  why  one  particular  kind  of  paper  and  one 
particular  kind  of  hydrocarbon  should  be  better  than  the 
others. 

Want  of  homogeneity  in  the  dielectric  of  a  condenser,  or 
of  any  cable,  may  lead  to  disruptive  discharges,  or  break- 
downs. For  instance,  if  a  dielectric  is  made  up  of  jjortions 
with  inductive  capacities  of  3  and  1  respectively,  the  parts 
with  a  high  inductive  capacity  may  arrange  themselves  so 
that  the  "  electric  displacement "  in  the  other  is  so  great  that 
a  disruptive  discharge  ensues.  For  instance,  if  two  conduct- 
ing plates  are  o  millim.  ajjart  in  air,  with  enough  pressure  to 
S})ark  over  2  millim.,  and  if  a  2-millim.  slab  of  a  dielectric 
with  a  specific  inductive  capacity  of  3  is  put  in,  the  fall  of 
potential  over  the  air  is  nearly  doubled,  and  it  breaks  down 
and  starts  a  short  circuit. 

Loss  of  power  in  dielectrics  is  not  confined  to  condensers  ; 
it  may  be  very  serious  in  cables.  A  condenser  that  heated 
excessively  was  made  like  the  De])tford  mains.  The  dielectric 
was  very  nmch  thinner  in  proportion  to  the  pressure,  and 
allowing  the  loss  per  cubic  centimetre  to  vary  as  the  square 
of  the  pressure  on  its  sides,  a  Deptford  main  would  have  a 
loss  of,  very  roughly,  7000  watts  in  the  dielectric.  It  does 
not  follow  that  this  is  the  exact  loss  in  a  Deptford  main. 
Very  small  differences  in  the  constitution  of  the  dielectric 
cause  large  variations  in  the  power  wasted.  The  loss  may 
therefore  be  very  much  greater  or  very  much  less.  Taking 
the  specific  inductive  capacity  of  the  dielectric  as  2,  a  seven- 
mile  main  has  a  capacity  of  2  microfarads.  Wi  h  10,000 
volts  at  a  frequency  of  bO,  this  takes  10  amperes  and  100,000 
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"apparent"  watts  ;  7000  watts  is  only  a  small  percentage  of 
this. 

Another  unexpected  effect  has  occurred  at  Dcptford.  There 
is  an  extraordinary  rise  of  j)rossure.  No  authoritatively  accu- 
rate accounts  have  been  pubiislnid,  so  it  is  difficult  to  say  what 
has  hajtpened  ;  but  it  is  said  that  when  the  mains  are  put  on 
the  pressure  rises.  This  is  generally  explained  by  saying  the 
mains  have  capacity,  and  there  is  self-induction  in  the  circuit, 
and  the  capacity  and  self-induction  have  a  period  which  cor- 
res})onds  with  the  frequency  of  the  dynamo,  so  that  the 
system  sympathises,  or  acts  as  a  sort  of  electiic  resonator, 
thus  giving  abnormally  high  pressure.  A  little  consideration 
will  show  that  this  theory  is  untenable.  With  such  a  capacity 
as  that  of  the  Deptford  cables  the  self-induction  would  have 
to  be  enormous. 

Let  the  capacity  of  the  cable  be  K,  and  the  self-induction 
of  the  circuit  L,  in  farads  and  henries  or  quadrants.  Call  E 
and  C  the  electromotive  force  and  current  respectively.    Then 

and  , ,         T^  (IE 

dt 

Combining  these  e({uations, 

d^__   E_ 
df  ~      KL  ' 

dE^__E_dE^ 
dt    dt-  ~      KL  dt  ' 


so 


and  integrating, 


where  a  is  a  constant ; 
or 


so 


and  mtegratnig. 


dvj  1  //TV) 


VKLcos-'  -  =^ 
a 
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therefore 

Jbj  occos 


VKL 

and 

T  =  27r  v/KL 

When  a  charoed  condenser  is  short-circuited  through  a 
circuit  with  self-induction  only,  oscillation  is  produced,  the 
current  and  pressure  both  varying  harmonically  with  a  fre- 
quency of  ll'lir  \/KL. 

In  the  Deptford  case,  with  a  capacity  of  two  microfarads 
and  a  period  of  0'0125,  the  self-induction  needed  would  be  half 
a  henry.  A  choking  coil  with  such  a  coefficient  of  self-induc- 
tion wound  to  carry  '2h()  amperes,  which,  I  understand,  is  the 
load  of  one  main,  would  take  64,000  volts  to  get  the  current 
through.  A  transformer  only  acts  on  the  circuit  as  a  choking 
coil  to  the  small  extent  due  to  the  waste  induction  in  it.  If 
built  on  the  lines  of  commercial  transformers,  this  one  would 
have  to  be  large  enough  to  give  an  output  of  hundreds  of 
millions  of  watts  to  produce  a  resonator  effect.  Moreover,  a 
slight  alteration  in  the  speed  of  the  dynamo  would  ihrow  it 
"  out  of  tune  "  with  the  resonator,  so  that  the  effect  would 
disapjx'ar.  For  instance,  a  5  per  cent.  A'ariation  of  speed 
would  alter  the  pitch  of  the  dynamo  nearly  a  semitone. 

It  has  been  stated  that  there  is  a  difference  of  a{)parent 
ratio  in  the  Deptford  transformer  when  the  main  is  in  circuit ; 
that  is  to  say,  that  though  it  generally  transforms  4  to  1, 
when  the  main  is  on  it  tranforms  about  4^  or  5  to  1.  I 
would  suggest  this  is  impossible.  There  is  alwavs  a  "drop" 
in  transformers  due  to  waste  field.  In  a  transformer  for  10,000 
volts  and  250  amperes,  if  pro[)erly  designed,  it  would  be  well 
under  1  per  cent.,  probably  about  one  tenth  per  cent.  In 
order  that  an  oscillatory  current  should  be  confined  to  the  "line" 
side  by  the  waste  induction  which  causes  a  drop  of  1  per  cent, 
and  yo  periods  per  second,  the  frequency  would  have  to  be 
enormous.  Such  an  oscillatory  current  would  also  be  ex- 
cluded from  the  secondary  at  the  London  end.  Any  effect 
which  does  not  involve  enormous  frequencies  mustshow  on  both 
sides  of  the  transformers.  It  might  be  said  that  the  "  dro])  " 
of  the  transformers  in  the  circuit  would  give  enough  self- 
induction  to  f)roduce  a  frequency  corresponding  to  an  upper 
partial  of  the  note  of  the  dynamo.  If  the  dynamo  E.M.F.  does 
not  vary  harmonically,  such  an  effect  might  be  produced,  but 
it  would  show  on  the  voltmeters  at  both  ends.  To  give  an 
increase  of  15  or  20  per  cent,  effective  j)ressure,  with  a  total 
transformer  drop   of  1   per   cent.,   the  frequency   would  be, 
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roughly,  1000,  and  the  effective  piressure  of  the  oscillatory 
conii)oiu'nt  f)000  volts.  This  would  give  72  amperes,  and  the 
*'  skin  ('fleet'"  "would  absorb  a  great  deal  of  jiower. 

There  is,  how(!ver,  a  sini])ler  explanation.  The  cables  have 
considerable  capacity,  and  take  an  ap])reciable  current.  This 
"  leads  "  relatively  to  the  electromotive  force,  so  the  capacity 
current  passes  in  the  armature-coils  when  they  are  just  in  the 
position  to  magnetize  the  fields  more  strongly.  The  fields 
cannot  follow  each  pulsation  of  excitation  so  produced,  but  are 
affected  by  it.  Their  average  excitation  is  increased.  1  have 
tried  ]»utting  a  condenser  on  one  of  the  old  Gramme  alterna- 
tors, which  have  rather  weak  fields,  and  a  large  number  of 
armature  ampere  fnrns.  The  pressure  ran  up  and  burned  the 
voltmeter.  I  have  already  gone  fully  into  the  action  of  lead- 
ing and  lagging  currents  on  dynamo  fields  elsewhere,  so  the 
suljject  need  not  be  pursued  here.  It  would,  no  doubt,  be 
possible  to  make  an  alternator  excite  itself  like  a  series 
machine  by  ])utting  a  condenser  on  the  terminals  instead  of 
exciting  the  fields  by  a  direct  current  machine.  Such  an 
arrangement  seems  scarcely  commercial,  though  interesting. 


XIII.    On  the  so-called  Jfeta-Eleynents. 
5?/  H.  M.  Vernon,  Scholar  o/Merton  College,  O.rford*. 

DURIInG  the  last  few  years  we  have  had  brought  before 
us  by  several  eminent  chemists,  chief  among  whom  may 
be  mentioned  Prof.  Crookes  and  M.  Lecoq  de  Boisbaudran, 
views  on  the  nature  of  elements  totally  different  from  any 
that  had  l)efore  existed  in  the  minds  of  chemists.  These 
views  being  so  totally  different  from  anything  proposed  before, 
were  at  first  received  incredulously,  and  it  is  only  quite 
recently  that  at  all  a  large  number  of  chemists  have  put  faith 
in  them.  Even  as  it  is,  we  may,  I  think,  say  that  belief  in 
what  is  referred  to,  namely  the  so-called  meta-elements,  is 
extremely  qualified.  The  existence  of  these  bodies  seems  to 
be  so  much  at  variance  with  the  known  laws  of  Chemistry, 
and  especially  with  that  which  is  known  as  the  Periodic  Law, 
that,  though  positive  ])roof  of  their  existence  would  seem  to  be 
forthcoming,  yet  it  will  probably  need  much  more  ])roof  than 
has  at  present  been  advanced  to  render  the  belief  in  their 
existeitce  universal. 

The  question  now  comes,  wliether  these  "proofs"  of  the 
existence  of  meta-elements  are  in  reality  proofs,  or  whether 

*  Communicated  by  the  Author. 
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they  morolj  point  to  the  possible  existence  of  such  bodies. 
When  chemists  are  called  upon  to  so  entirely  change  their  old 
views  upon  the  constitution  of  the  elements,  surely  they  have 
a  right  to  expect  the  most  unrefutable  proofs  why  they  should 
do  so. 

It  is  with  the  purpose  of  examining  these  proofs  for  the 
existence  of  meta-elements,  and  of  seeing  whether  they  are 
valid,  that  this  paper  has  been  brought  forward. 

What  is  it,  then,  that  we  are  requested  to  believe  ?  It  is 
that  oxides  of  certain  metals,  notably  of  certain  rare  earths, 
are  capable,  by  suitable  methods  of  fractionation  and  differen- 
tiation, of  being  split  up  into  several  other  earths,  all  of  which 
differ  from  each  other  and  from  the  original  earth,  and  each 
of  which  we  are  requested  to  look  upon,  if  not  as  the  oxide  of 
a  different  element,  at  least  as  something  approaching  to  this. 
That  is,  we  are  required  to  look  upon  these  fractionated 
earths  as  oxides  of  bodies  which  cannot  be  formed  by  the 
union  of  other  bodies,  and  which  therefore  should  earn  the 
title  of  elements. 

Let  us,  then,  take  an  instance  of  the  fractionation  of  a  single 
earth. 

Crookes  started  with  an  earth  which  a  few  years  ago  would 
have  been  pronounced  by  every  one  to  be  sim])ly  yttria,  that 
is,  the  oxide  of  the  element  yttrium.  This  oxide  was  dissolved 
in  acid,  and  enough  ammonia  added  in  dilute  solution  to  pre- 
cipitate only  half  the  base.  The  precipitate  obtained  was 
treated  in  a  similar  manner,  and  so  on  for  several  times,  the 
precipitate  being  collected,  dissolved  in  acid,  half  of  it  pre- 
cij)itated  again,  and  so  on.  The  filtrate  obtained  from  the 
first  j)recipitation  was  treated  in  a  similar  manner.  The 
filtrates  and  precipitates  between  these  extreme  fractions  were 
also  made  to  yield  their  share  to  the  final  products.  In  this 
manner,  after  a  very  large  number  of  fractional  preci})itations, 
a  series  of  earths  was  obtained  which  presumably  varied  gra- 
dually in  their  degree  of  basicity  as  they  passed  from  one 
extreme  fraction  to  the  other.  In  this  way  Crookes  con- 
sidered he  had  separated  the  original  yttria  into  nine  new 
bodies,  or  oxides  of  meta-elements,  to  which  he  provisionally 
gave  the  symbols 

Sy,  Ga,  Gffi,  G-y,  G5,  G^,  Sj,  Gf,  G,,. 

In  what  way,  then,  was  it  proved  that  these  nine  earths  were 
different? 

8ome,  but  not  all,  of  the  earths  of  this  class,  when  sealed 
uj)  in  tubes  in  which  a  high  degree  of  exhaustion  has  been 
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ohtaincd,  and  wlien  in  this  condition  subjoctod  to  the  influence 
of  the  induction-dischartTc,  phosj)horesce,  most  of  them,  it  is 
true,  for  but  a  very  short  time  ;  but  with  the  phosphoroscope 
contrived  by  Crookes  most  of  them  would  phosphoresce  long 
enough  to  allow  of  their  being  satisfactorily  examined  by 
means  of  a  spectroscope.  Bodies  treated  in  this  way  are  said 
to  undergo  the  radiant-matter  test. 

When  these  nine  earths,  fractionated  from  yttria,  were  sealed 
up  in  tubes  with  a  suitable  degreti  of  exhaustion,  and  their 
phosphorescent  spectra  obtained  in  this  way,  it  was  found 
that  the  spectra  of  all  of  them  differed  to  a  certain  extent. 
The  further  the  earths  were  removed  from  each  other  in 
respect  of  basicity,  the  more  were  their  phosphorescent 
spectra  found  to  differ,  those  of  the  extreme  fractions  showing 
considerable  diff'erenees. 

The  differences  of  phos})horescent  spectra  appear  to  be,  at 
least  in  the  case  of  the  yttria  earths,  the  only  grounds  on 
which  Crookes  founds  his  supposition  of  the  fractionation  of 
this  so-called  single  earth  into  these  nine  others.  On  the 
strength  of  the  fact  of  these  bodies  having  slightly  different 
])hosphorescent  spectra,  both  when  examined  alone  and,  as 
will  be  UKintioned  hereafter,  when  mixed  with  other  earths, 
he  considers  that  the  earth  has  been  split  up  into  several 
others,  each  of  which  is  to  be  considered  the  oxide  of  a 
different  element  or  meta-element. 

The  question  comes.  Do  these  fractions  of  the  original 
earth  ditfer  in  chemical  ])ro])erties  as  well  as  in  phosphorescent 
spectra  ?  The  answer  is.  No.  The  only  chemical  property 
in  which  they  appear  to  differ  is  that  of  a  slight  difference  of 
basicity  among  themselves.  Crookes  has  not  shown  that 
they  possess  any  other  chemical  properties  whatever  which 
may  serve  to  differentiate  them  from  each  other  ;  indeed,  it 
ajipears  that  he  has  not  yet  tried  to  prepare  their  salts  and 
show  whether  or  not  they  are  identical. 

Again,  the  question  comes.  If  these  bodies  do  not  differ  in 
chemical  properties,  do  they  not  differ  in  physical  proper- 
ties other  than  that  of  possessing  different  phos})horescent 
spectra?  Again  the  answer  is.  No.  Have  we  not  been 
taught,  as  one  of  the  fundamental  principles- of  our  science, 
that  every  different  ibrm  of  matter  possesses  a  spectrum 
which  belongs  to  it  and  to  it  alone?  If,  then,  these  so-called 
meta-elements  are  different  forms  of  matter,  should  not  they 
also  be  exjiected  to  come  within  the  precincts  of  this  univeisal 
rule?  Purely  yes.  On  examination,  however,  is  this  the 
case?  In  a  lecture  before  the  lioyal  Institution  (Chemical 
News,  1^^^7,  p.  <!>7),  Crookes  brings  before  the  assembly  the 
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spark-spectrum  of  the  original  yttria  :  he  then  brings  before 
them  that  of  tlie  earth  G^.  Are  these  spectra  different?  No, 
absolutely  and  exactly  the  same  in  every  particular.  Pie  then 
brings  before  them  that  of  the  earth  G5,  Surely  this  will  be 
different  to  a  certain  degree,  even  tliough  it  be  slight.  No, 
it  is  exactly  the  same  in  every  respect  with  the  spectra  of 
both  the  original  yttria  and  of  the  earth  G^. 

How,  then,  does  C^rookes  explain  this?  He  offers  the 
followino-  alternative  suffo-estions  : — 

(1)  "  Elements  are  not  as  simple  as  we  suppose.  Our 
notions  of  a  chemical  element  have  expanded.  Hitherto 
the  molecule  has  been  rerarded  as  an  a^areirate  of  two  or 
more  atoms,  and  no  account  has  been  taken  of  the  architec- 
tural design  on  which  these  atoms  have  been  joined.  Wo 
may  consider  that  the  structure  of  a  chemical  element  is  more 
complicated  than  has  hitherto  been  supposed.  Between  the 
molecules  we  are  accustomed  to  deal  with  in  chemical  reac- 
tions and  ultimate  atoms  as  first  created  come  smaller  mole- 
cules or  aggregates  of  physical  atoms  :  these  submolecules  differ 
one  from  the  other  according  to  the  position  they  occupied  in 
the  yttrium  edifice.  We  may  consider  them  similar  to  the 
carbon  atoms  in  the  benzene  ring  which  have  the  impress  of 
their  position  1,  2,  3,  4,  5  stamped  on  them."  That  is  to 
say,  these  fractionated  earths  are  to  be  considered  as  isomor- 
phous  bodies  composed  of  the  same  atoms  arranged  in  different 
ways  within  the  molecule.  Why,  then,  call  them  meta- 
elements,  thereby  implying  that  they  contain  totally  different 
forms  of  matter,  when  in  reality  they  all  contain  the  same  ? 

(2)  "  These  nine  earths  are  chemical  elements  differing  in 
basic  powers  and  several  other  chemical  and  physical  pro- 
perties, but  not  sufficiently  to  enable  us  to  effect  any  but  a 
partial  separation.  Thus  G^,  for  instance,  gives  a  certain 
spectrum  under  the  influence  of  the  electric  spark  :  the  other 
earths,  G^,  G,,,  &c.,  are  contaminated  with  a  certain  quantity 
of  this  G5 ;  and  so  the  spectra  of  these  other  earths,  G^,  G,, 
&c.,  is  that  of  G5  and  G5  only,  they  themselves  presumably 
not  having  any  si)ectra  at  all,  or  what  the}-  do  have  is  masked 
by  the  greater  intensity  of  that  of  G4." 

Can  this  suggestion  hold?  Is  it  probable  that  not  the 
sHghtest  trace  of  any  other  lires  but  those  due  to  an  impui'ity 
would  be  observed  in  the  spectrum  of  a  body  containing  only 
a  small  quantity  of  this  other  body  as  an  im])urity,  and  not  a 
single  one  would  be  observed  due  to  the  earth  under  exami- 
nation ?     Surely  not. 

Again  we  ask,  Do  the  atomic  weights  of  these  fractionated 
earths  differ?     Again  we  must  answer  in  the  negative.     No 
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perceptible  differences  of"  atomic  weight  were  found  between 
even  the  extreme  members  of"  tlie  fractions. 

We  therefore  come  to  the  conchision  that  the  entire  grounds 
upon  which  the  fractionation  of  yttria  into  several  new  earths 
depends  is  that  of  the  difference  of  their  phosphorescent 
spectra. 

Now  it  may  be  asked,  Is  this  radiant-matter  test  to  be 
absolutely  relied  upon  in  every  respect  with  regard  to  its 
power  of  distinguishing  between  different  forms  of  matter  ? 
Does  it  always  give  totally  different  spectra  for  each  form 
of  matter  or  element  as  known  to  us,  and  does  a  mixture  or 
comj)ound  of  two  or  more  elements  give  the  phosphorescent 
S[)ectrum  of  each  of  these  elements,  or  a  spectrum  different 
from  either? 

It  appears  that  Crookes  was  the  first  to  use,  or  at  any  rate 
to  bring  into  at  all  general  use,  this  method  of  obtaining  the 
phosphorescent  spectra  of  bodies  when  subjected  to  an  induc- 
tion discharge  in  an  exceedingly  rarefied  atmosphere.  To 
him  therefore  we  must  look  for  our  knowledge  of  the  relia- 
bility of  this  method  of  examination.  He  states  that  the 
more  he  makes  use  of  it  the  more  reliable  it  appears.  Do, 
however,  his  experiments  justify  this  assumption  ?  The  only 
bodies  which  he  appears  to  have  examined  at  all  completely 
by  this  method  are  these  rare  earths,  and  a  few  other  earths 
of  a  similar  nature,  as  alumina.  Do,  then,  the  results  obtained 
with  these  bodies  justify  this  method  being  used  to  verify 
such  a  gigantic  innovation  as  that  of  the  fractionation  of  the 
oxide  of  what  was  supposed  to  be  a  single  element  into  oxides 
of  several  other  totally  new  elements?  Would  the  following 
experiment  made  by  Crookes  himself  seem  to  justify  it? 

In  Phil.  Trans.  1885,  p.  721,  Crookes  finds  that  when 
varying  j)roportions  of  samaria  and  yttria  are  mixed  and 
ignited  with  sulphuric  acid,  and  tested  by  the  radiant-matter 
spectroscopic  method,  a  bright  orange-line,  2(3113,  is  observeii, 
which  does  not  occur  in  either  of  their  separate  spectra,  ami 
which  disappears  as  the  projiorlions  in  which  the  earths  have 
been  mixed  a])proach  either  to  pure  samaria  or  to  pure  yttria. 
When,  however,  yttria  and  samaria  are  mechanically  mixed 
and  are  not  treated  with  sulphuric  acid  and  ignited,  only  their 
superposed  speetra,  without  the  orange-line,  are  obtained. 

Is  not  the  fact  of  the  bright  orange-line  being  present 
when  the  earths  are  ignited  with  siilpliurit-  aeid,  and  not  being 
present  when  they  are  merely  mixed,  due  to  the  formation  of 
a  compoimd  between  the  two  earths  in  the  first  case?  It  is 
well  known  that  the  spectra  of  salts  which  are  not  decom- 
posed into  their  constituent  elements  by  the  action  of  heat  are 
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very  often  quite  different  from  the  spectra  of  the  elements 
composing  them.  It  mtiy  be  thouglit  that  two  earths  of  such 
similar  nature  as  yttria  and  samaria  are  scarcely  likely  to 
form  a  compound  together  ;  but  yet  how  else  can  it  be  ex- 
plained ?  I  think  if  we  examine  the  facts  of  the  case  more 
closely,  we  shall  see  that  it  is  not  improbable  that  yttria  and 
samaria  should  form  a  compound  together.  It  is  well  known 
with  what  ease  the  earths  of  the  aluminium  group  form  com- 
plex compounds  with  silica  and  lime,  and  may  not  part  at  any 
rate  of  the  minerals,  as  samarskite  and  gadolinite,  from  which 
these  rare  earths  are  obtained,  be  considered  to  be  in  a  similar 
manner  complex  compounds  of  the  earths  ? 

Crookes  has  therefore  shown  that  it  is  possible,  by  combining 
two  earths  together,  to  obtain  a  spectrum  with  a  bright  line  in 
it  which  exists  in  neither  of  the  spectra  of  the  two  earths  in 
question  :  this  line  has  in  fact  been  artificially  produced. 
This  being  the  case,  why  should  it  not  be  possible  to  manu- 
facture, if  we  may  use  the  term,  other  lines  and  other  spectra 
by  the  combination  of  various  earths  together  in  varying  pro- 
portions ?  Is  it  not  possible  that  the  various  spectra  of  the 
earths  G^,  G5,  G^,  &c.  are  nothing  more  than  would  be  pro- 
duced if  we  combined  together  in  various  proportions  the  two, 
or  at  most  three,  earths  of  which  these  bodies  might  be  sup- 
posed to  be  really  constituted  ?  Do  not  the  experiments  of 
Crookes  support  this  supposition  ?  Thus,  about  the  only  pro- 
perty in  which  these  new  earths,  G^,  Gj,  &c.,  were  found  to 
differ,  except  as  regards  their  radiant-matter  spectra,  was  that 
when  they  were  ignited  with  sulphuric  acid  and  varying  pro- 
portions of  other  earths,  as  lime  and  barium  oxide,  they  gave 
phosphorescent  spectra  in  this  case  also,  differing  according 
to  the  nature  and  quantity  of  the  base  used. 

Does  not  this  serve  to  prove  still  further  the  unreliability 
of  the  radiant-matter  test?  If  spectra  are  formed  by  the 
union  of  one  of  these  new  earths  with  lime,  say,  which  differ 
materially  from  the  spectra  of  either  the  earths  or  the  lime, 
does  not  this  show  that  no  reliance  at  all  can  be  placed  in  such 
spectra,  especially  with  regard  to  proving  that  these  supposed 
new  earths  are  really  the  oxides  of  new  elements.  For  just 
as  a  rare  earth  mixed  with  lime  gives  a  s])ectrum  different 
from  that  either  of  the  earth  or  of  tlu^  lime,  so  it  is  just  as 
probable  that  the  earth  samaria  combined  with  the  earth 
yttria  should  give  a  spectrum  different  from  that  either  of 
samaria  or  of  ytlria,  and  also  that  the  spectrum  should  vary 
according  to  the  proportions  of  these  two  earths  present ;  and 
it  must  be  remembered  that  the  earth  yttria,  which  has  been 
fractionated   into  these  new  earths,  always  contains  -j,  small 
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quantity  of  samariii  as  an  impurity,  most  of  this  being  found 
in  the  fraction  Sy  :  also  it  is  quite  possible  that  a  very  small 
quantity  of  some  other  earth  may  be  present,  and  that  it  may 
1)0  to  the  presence  of  this  that  the  variations  in  the  spectra  of 
the  new  earths  are  due.  Crookes  has  shown  that  the  merest 
trace  of  a  certain  earth,  unable  to  be  detected  by  chemical 
means,  can  cause  great  variations  in  the  sj>ectrum  of  another 
earth.  Perhaps  another  experiment  of  Crookes  (Chem.  News, 
1887,  p.  87)  will  serve  to  still  further  confirm  the  point  at 
issue,  namely,  the  unreliability  of  the  radiant-matter  test. 

Marignac  presented  Crookes  with  what  was  sujfposed  to  be 
a  pure  s])ecimen  of  a  new  earth,  to  which  he  had  provisionally 
given  th(!  symbol  Ya.  This  earth  was  found  to  possess  a 
radiant-matter  spectrum  almost  identical  with  that  given  by 
a  mixture  of  61  parts  of  yttria  and  39  parts  of  samaria,  which 
had  been  ignited  with  sulphuric  acid.  The  only  difference 
was  that  in  the  yttria-samaria  spectrum  there  is  present  a 
citron  band  which  is  absent  from  the  Ya-spectrum.  "  Hence 
the  earth  Ya.  is  shown  to  consist  of  samaria  with  the  greenish 
blue  of  yttria,  and  some  of  the  other  yttria  bands  added  to  it. 
It  proves  further  that  the  citron  band,  which  was  hitherto 
regarded  as  one  of  the  essential  bands  of  the  yttria  spectrum, 
can  be  entirely  removed,  whilst  another  characteristic  yttrium 
group,  the  double  green  band,  can  remain  with  heightened 
brilliancy.  If,  now,  it  were  possible  to  remove  the  citron- 
baiul-fbrming  body  from  this  mixture,  the  earth  Ya  would  be 
left  behind  ;  in  fact,  the  earth  Ya  would  have  been  reconi- 
])osed  from  its  elements.''  This,  Crookes  says,  he  has  no 
doubt  he  will  ultimately  accomplish. 

Now  the  earth  Ya  must  either  be  identical  with  the  yttria- 
samaria  earth,  or  it  must  be  distinct  from  it.  If  it  is  identical, 
then  the  radiant-matter  test  is  not  reliable,  as  the  same  bodies 
have  been  found  to  give  spectra  which  do  not  coincide  in  all 
their  lines.  If  it  is  distinct  from  it,  then  the  radiant-matter 
test  is  equally  tmreliable,  as  different  bodies  have  been  found 
to  give  s})ectra  the  larger  portions  of  which  are  absohitely 
identical. 

It  has  thus  been  shown  how  very  little  ndianci'  can  be 
placed  in  this  new  ])hvsical  method  of  differentiating  bodies. 
Time  alone  will  show  the  degree  of  reliance  that  should  bo 
placed  in  it.  Even  Crookes  himself  seems  to  feel  this  in 
some  ]iarts  of  his  papers,  though  in  others  he  states  that  the 
further  he  goes  the  more  reliable  he  finils  it  to  become. 
In  Phil.  Tians.  1885,  ]).  722,  he  says  : — "  One  inq»ortant 
lesson    tauiiht   bv   the    manv    anomalies    mieartlied    in  these 
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researches  is  that  inferences  drawn  from  spectrum  analysis 
per  se  are  liable  to  grave  doubt,  unless  at  every  step  the 
spectroscopist  goes  hand  in  hand  with  the  chemist.  Spectro- 
scopy may  give  valuable  indications,  but  Ohemistry  must  after 
all  be  the  final  court  of  appeal." 

I  think  it  has  been  shown  that,  at  least  in  the  case  of  the 
yttria  earths,  Chemistry  has  not  been  made  the  final  court  of 
appeal,  or  if  it  has  it  has  signally  failed  to  prove  its  case. 

The  existence  of  meta-elements  has  been  sought  to  be 
established  indirectly  in  ways  other  than  that  of  the  frac- 
tionation of  the  rare  earths.  Thus  A.  E.  Nordenskiold 
(Comptes  Eendus,  November  2nd,  1886)  finds  that  the  earth 
gadolinia,  which  consists  of  a  mixture  of  yttria,  erbia,  and 
ytterbia,  has.  though  palpably  a  compound  body,  a  constant 
atomic  weight  whatever  be  the  mineral  from  which  it  has 
been  extracted.  "  Therefore,"  says  he,  "  oxide  of  gadolinium, 
though  it  is  not  the  oxide  of  a  simple  body  but  a  mixture  of 
three  isomorphous  oxides  (even  when  it  is  derived  from  totally 
different  minerals  found  in  localities  far  apart  from  each 
other),  possesses  a  constant  atomic  weight.  We  are  then  in 
the  presence  of  a  fact  altogether  new  in  Chemistry  ;  for  the 
first  time  we  are  confronted  with  the  fact  that  three  isomor- 
phous substances,  of  a  kind  that  chemists  are  still  compelled 
to  regard  as  elements,  occur  in  nature  not  only  always 
together  but  in  the  same  proportions.'' 

This  may  be  explained  by  saying  that  these  three  earths 
form  a  compound  together,  just  as  we  form  compounds  of 
alumina  with  silica  and  lime  or  magnesia  in  the  form  of  com- 
plicated silicates,  which,  being  chemical  compounds,  have  a 
constant  composition  whatever  be  the  locality  from  which 
they  are  obtained.  Surely  Nordenskiold  does  not  mean  to 
state  that  none  of  the  earths  yttria,  erbia,  or  ytterbia  ever 
occur  except  together,  and  that  too  in  perfectly  constant  pro- 
portions? Has  not  Crookes  quite  recently  shown  that 
yttrium  is  one  of  the  most  widely  distributed  of  elements  ? 
He  does  not  mention  that  erbia  and  ytterbia  also  always 
occur  together  with  this  yttria,  and  that  too  always  in  the 
same  pro[)ortions.  Also,  do  not  minerals  as  samarskite  con- 
tain many  other  earths  besides  the  three  in  question  ? 

It  has  thus  been  shown  that  the  resolution  of  yttria  into 
several  other  new  earths  has  by  no  means  been  proveil.  May 
we  not  reasonably  expect  that  as  further  investigation  is  made 
in  the  subject  it  will  be  found  that  these  ditierent  radiant- 
matter  spectra  are  only  due  to  the  combinations  of  two  or 
perhaps  three  earths  already  known  and  recognized  as  oxides  of 
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distinct  elements,  and  that  all  that  fractionation  actually  does 
accomplish  is  to  partially  separate  these  two  or  three  earths, 
which  very  much  resemble  each  other  in  most  of  their 
properties,  and  which  are  therefore  confounded  together. 

But,  it  may  be  said,  even  if  this  be  found  to  be  the  case, 
will  not  the  number  of  distinct  earths  be  so  large  that  it  will 
not  be  possible  to  find  places  for  them  in  the  table  of  elements, 
arranged  according  to  the  Periodic  Law,  and  even  then  is  it 
possible  to  explain  why  such  a  large  number  of  elements 
should  exist,  a[iparently  differing  in  very  little  besides  their 
atomic  weights  and  basicity  ? 

On  examination,  I  think  it  will  be  found  that  not  only  is 
there  a  place  in  the  table  of  elements  arranged  according  to 
the  Periodic  Law  for  all  of  the  rare  earths  at  present  dis- 
covered, but  for  several  more  besides ;  and  also  that  a 
reasonable  explanation  can  be  offered  why  so  many  of  these 
elements,  so  similar  in  ahnost  every  j)roperty,  should  exist. 

The  memlxn's  of  these  rare  earths  which  have  been  dis- 
covered during  the  last  few  years  are  as  follows  : — 

Lanthanum  .  .  138  Terbium     .  .  .   124*7 

Cerium        .  .  .  140*2  Erbium      .  .  .166 

Didymium.  .  .  142-3  Ytterbium  .  .  1737 

Samarium  .  .  .  150  Thulium    .  .  .   16l.>"5 

Mosandrium  .  .   153*6  Scandium  .  .  .      44*1 

Holmium    .  .  .162  Yttrium     .  .  .     89*1 

Several  other  new  elements  of  this  class,  besides  those 
mentioned  here,  have  been  claimed  to  have  been  discovered, 
but  their  existence  is  so  exceedingly  doubtful  that  they  have 
not  been  introduced  in  this  list.  Also  two  or  three  of  those 
here  mentioned  have  but  a  very  doubtful  existence.  The 
numbers  attached  to  these  elements  are  their  atomic  weights, 
calculated  on  the  assumption  that  the  earths  analysed  had  a 
composition  expressed  by  the  formula  R2O3. 

The  two  constituents  neodymium  and  ])raseodymium  into 
which  Dr.  Auer  von  Welsbach  has  separated  didymium  into 
are  not  mentioned  in  this  list,  as  it  was  thought  better  to  wait 
for  confirmation  of  this  remarkable  result  by  other  chemists. 

Let  us  now  take  each  of  these  elements  sejiarately  and  see 
if  there  is  a  place  for  it  in  the  table  of  elements. 

In  this  tiible  two  series  of  elements  have  been  introduced 
between  the  series  connnencing  with  caisium  and  that  com- 
mencing with  gold,  as  suggestetl  by  Brauner  (C'hem.  Soc. 
Journ.  1882,  p.  78). 
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The  reason  of  this  is  that  the  extra  elements  in  the  eighth 
group  are  only  found  attached  to  the  even  series  4  and  <j  ; 
if  only  one  series  were  introduced  between  those  commencing 
with  caisiuin  and  gold,  then  the  extra  elements  osmium, 
iridium,  and  j)latinum  in  the  eighth  group  would  con)e  in  an 
iinev(!n  series.  Also,  if  only  one  series  were  introduced, 
the  difference  betwcM'U  the  atomic  weights  of  caesium  and 
gold  would  be  ()3'3,  which  is  not  nearly  so  similar  to  the 
difference  between  the  atomic  weights  of  cfesium  and  rubi- 
dium, which  is  47'7,  as  that  between  caesium  and  cof»|)er, 
which  is  69-7.  Also  still  fuither  reasons  will  be  shown  to 
exist  why  this  extra  series  should  be  introduced. 

Of  the  elements  in  the  list,  lanthanum,  cerium,  and  didy- 
mium  without  doubt  take  their  places  in  the  eighth  series  in 
the  third,  fourth,  and  fifth  groups  respectively.  The  next 
two  elements  in  order  of  atomic  weight  are  samarium  (150) 
and  mosandrium  (153'())  :  Where  must  these  two  elements  be 
placed?  Their  atomic  weights  compel  them  to  be  placed  in 
this  series,  and  they  evidently  cannot  be  placed  in  the  sixth 
and  seventh  groups.  They  must  therefore  find  their  place  in 
the  eighth  or  extra  group.  There  seems  to  be  no  reason  why 
they  should  not ;  for  the  elements  iron,  nickel,  and  cobalt 
form  compounds  of  the  form  Rg^s?  ^"^  indeed  the  stablest 
compounds  of  iron  are  grou})ed  under  this  formula.  Also 
the  elements  composing  these  minor  groups  in  the  eighth 
group  resemble  each  other  very  greatly  in  almost  all  their 
properties  ;  in  the  same  way  does  samarium  resemble  mos- 
andrium in  its  properties ;  and  when  another  element  of  the 
atomic  weight  151  is  discovered  to  fill  up  the  gap  between 
those  two  elements,  as  will  very  ])robably  be  the  case,  there 
is  every  reason  to  ex])ect  that  it  will  show  very  great 
analogies  to  the  other  two  elements  in  the  same  minor  group 
as  itself.  If  these  elements,  samarium  and  mosandrium,  had 
not  been  discovered,  their  exitstence  might  readily  ha\e  been 
predicted,  as  a  minor  group  of  elements  in  this  eighth  group 
belonging  to  the  eighth  series  is  so  evidently  needed  to  bring 
this  series  into  harmony  with  the  fourth,  sixth,  and  tenth. 
We  see  in  this  also  additional  evidence  for  the  introduction 
of  two  series  between  these  commencing  with  caesium  and 
gold. 

The  next  element  on  the  list  is  hohnium,  the  place  for 
which  in  the  table  is  eviilently  the  third  group  in  the  ninth 
series. 

Next  comes  the  element  terbium,  the  atc)mic  weight  of 
which  was  found  to  be  12  4"7  on  the  supposition  of  its  oxiile 
havinj'  the  foninila  TIk.Oj.     We  see  that  there  is  no  place  for 
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tliis  el(>mf'nt  in  the  table  if  its  atomic  weight  be  taken  as  this 
number.  If,  however,  it  be  considered  a  tetravalent  element, 
its  atomic  woioht  becomes  1G5,  and  it  fits  in  well  in  the 
fourth  group  of  the  ninth  series.  It  is  very  probable  that 
terbium  should  be  a  tetravalent  element  forming  salts  of  the 
formula  TbgX^ ;  for  cerium,  the  commonly  occurring  oxide  of 
Avhich  is  Oe203,  is  well  known  to  form  these  salts,  and  terbium 
is  very  similar  in  properties  to  this  element. 

The  next  element,  erbium  (16G),  finds  its  place  in  the  fifth 
group  of  this  series,  whilst  the  next,  ytterbium  (17o*7),  is 
})laced  beneath  lanthanum  and  holmium  in  the  third  group 
of  the  tenth  series.  The  only  element  in  the  list  for  which 
a  vacant  place  does  not  appear  is  thulium  (170*7)  ;  very  little 
if  anything  is  known  of  the  properties  of  this  element,  and  so 
it  is  scarcely  possible  to  say  which  group  it  had  better  be 
placed  in :  it  does  not  appear  as  if  it  would  fit  any  of  the 
places  in  the  table  at  })resent  empty,  and  so,  if  further  re- 
search tends  to  confirm  its  being  a  trivalent  element  with 
this  atomic  weight,  it  will  certainly  constitute  a  difhculty  not 
to  be  lightly  got  over. 

We  have  thus  found,  with  perhaps  one  doubtful  exception, 
that  there  are  places  in  the  table  of  elements  for  all  the  rare 
earths  discovered  up  to  the  present  time,  and,  moreover,  that 
these  places  agree  well  with  such  pro[)erties  of  these  elements 
as  are  at  present  known.  It  may  also  be  noticed  that  there 
are  several  empty  places  ready  to  receive  any  more  newly- 
discovered  elements. 

The  conclusion  which  may  he  drawn  from  the  results 
arrived  at  in  this  paper  are,  that  it  would  seem  quite  un- 
necessarv  to  suppose  the  actual  decomposition  of  what  was 
previously  supposed  to  be  an  element  takes  place  when  an 
earth  is  fractionated  in  some  suitable  manner  as  by  partial 
precipitation.  If  such  a  decomposition  is  possible  for  one  or 
t\>o  elements,  we  may  reasonably  expect  it  for  all.  AV hy, 
then,  is  it  not  attem})ted  to  fractionally  separate  an  element 
which  can  be  obtained  in  a  pure  state  to  start  witli  ?  In  the 
fractionation  of  these  earths,  it  is  almost  if  not  quite  im- 
possible to  obtain  the  earth  in  a  pure  state  in  the  first 
instance  ;  that  is,  to  obtain  an  earth  which  is  known  not  to 
contain  at  least  a  small  quantity  of  some  other  earth  totally 
foreign  to  it  (disregarding  the  several  so-called  meta- 
elements  into  which  it  is  to  be  separated).  The  difficulty 
is  also  enormously  complicated  by  the  fact  of  the  earths 
which  are  attempted  to  be  fractionally  separated  having 
almost  exactly  the  same  ])ro])erties  as  at  least  half  a  dozen 
other  earths. 
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If  it  is  an  earth  which  is  required,  why  not  endeavour  to 
fractionate  alumina,  an  earth  which,  though  resembling  other 
earths  of  its  class,  to  a  certain  extent  is  yet  in  many  of  its 
properties  totally  distinct  from  them?  Again,  if  it  is  thought 
possible,  were  suitable  means  known  to  fractionate  any  ele- 
ment, why  not  eniJeavour  to  do  so  in  the  case  of  iodine? 
This  element,  being  situated  at  the  extreme  end  of  its  series, 
differs  as  much  as  it  could  possibly  do  from  cjesium,  the 
element  next  to  it  in  order  of  atomic  weights.  If,  therefore, 
it  were  ])ossible  to  separate  iodine  into  bodies  with  atomic 
weights  aj)[)roaehing  gradually  to  that  of  caesium,  might  it 
not  be  thought  that  a  very  slight  difference  of  atomic  weight 
would  correspond  to  a  very  much  larger  variation  in  chemical 
properties  ? 

The  actual  fixct  of  there  being  such  a  largo  number  of 
these  rare  earths  so  very  similar  in  properties  is  to  be  partlv 
explained  by  the  fact  that  not  only  these  elements,  but  also 
the  other  members  composing  the  table,  show  extreme  varia- 
tions among  themselves  to  a  smaller  and  smaller  extent  as 
their  atomic  weights  get  larger  and  larger.  Also  all  these 
elements,  except  samarium  and  mosandrium,  find  their  places 
in  the  third,  fourth,  and  fifth  groups,  and  are  on  this  account 
naturally  to  a  certain  extent  similar  in  properties. 

It  is  hoped  that  in  this  paper  the  views  and  actual  results 
of  any  chemist  have  not  been  misinterpreted.  It  has  been 
endeavoured  as  far  as  possible  to  be  correct,  but  if  any  slight 
errors  have  been  connnitted,  it  is  hoped  that  they  will  be 
recognized  as  being  unintentional. 

The  University  Laboratory, 
Oxford. 


XIV.    On  the  Use  of  Fluor- Spar  in  Optical  Instruments. 
By  Professor  SiLVANUS  P.  Thompsox,  D.Sc,  i$-c* 

CONSIDERING  the  very  distinctive  o{)tical  proj)erties  of 
fluor-spar,  it  is  remarkable  that  hitherto  so  littK'  use  has 
been  made  of  it  in  the  optical  industries.  Jts  low  refractive 
power,  and  its  still  lower  relative  dispersion,  make  it  remark- 
able amongst  transparent  media  ;  the  only  substances  com- 
parable with  it  in  these  respects  being  rock-salt  and  rock- 
alum,  both  of  which  being  soluble  in  water  are  for  that  reason 

•  Communicated  by  tho  Author,  haviug  been  read  before  Section  A  of 
the  British  Association  at  Leeds. 
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unfitted  for  use  in  optical  instruments.  Like  these  sub- 
stances also,  fluor-spar  is  optically  isotropic,  belonging  to  the 
cubic  system  of"  crystals. 

The  crystals  of"  fluor-spar  most  usually  occurrent  in  this 
country  are  by  no  means  colourless,  being  generally  purplish 
in  tint,  and  exhibiting  at  the  surface  nearest  to  the  light  a 
fine  fluorescence.  Another  variety,  known  as  chlorophane,  is 
of  a  pale  green  tint.  Pure  colourless  crystals  have  also  been 
found  in  Cornwall  and  in  Switzerland  ;  but  these  are  now 
rather  rare. 

Lenses  and  prisms  of  fluor-spar  have  been  from  time  to 
time  used,  instead  of  those  made  of  rock-salt,  for  experiments 
on  radiant  heat ;  and,  indeed,  until  recently  this  was  the  only 
optical  application  of  this  material. 

Recently,  however,  fresh  attention  has  been  drawn  to  the 
subject  by  the  announcement  from  the  pen  of  Prof.  Abbe,  of 
Jena,  that  it  is  by  the  use  of  fluor-spar  in  combination  with 
various  sorts  of  glass  that  the  well-known  firm  of  Zeiss  have 
been  enabled  to  construct  the  remarkable  microscope-objectives 
known  as  "  apochromatic  '^  lenses.  These  lenses  were  for 
long  supposed — in  spite  of  much  scepticism  on  the  part  of 
opticians — to  owe  their  excellent  resolving  power  to  the  use 
of  the  new  kinds  of  optical  glass  produced  in  Jena  by  Dr 
Schott.  The  secret,  which  was  remarkably  well  kept  for 
several  years,  is  now  revealed.  Triplet  lenses,  somewhat  like 
a  Steinheil  lens,  with  a  fluor  cemented  between  two  outer 
lenses  of  glass,  are  used  to  correct  the  aberrations  of  the  front 
lenses  of  gkiss.  The  peculiar  value  of  the  fluor  lens  for  this 
purpose  lies  in  its  possession,  alluded  to  above,  of  a  singularly 
low  dispersive  power.  According  to  Abbe  the  refractive 
index  of  the  colourless  fluor  for  sodium  light  is  l'4oo8,  and 
for  the  hydrogen  lines  C  and  F  the  respective  indices  differ 
only  by  0*004:55.  For  the  sake  of  comparison  with  other 
materials,  it  is  convenient  (following  Abbe)  to  consider  the 
quantity 

as  a  measure  of  the  specific  power  of  any  material  to  ])roduce 
dispersion.  Now,  for  ordinary  crown-glasses,  this  quantity 
is  about  0"01t)6  ;  for  dense  flint  as  much  as  0*019  ;  for  the 
special  phosphate  crown-glasses  made  at  Jena  it  is  as  low  as 
0-0143;  while  for  fluor-spar  it  is  only  0*0104.  As  Ai)be 
points  out,  the  possession  of  this  property  enables  the  instiu- 
raent-niaker,  by  substituting  fluor  for  crown-glass,  to  produce 
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an  acliromatic  Ions,  consistirif^  of  flint  (j;las.s  and  fluor-spar, 
having  laces  of  lesser  curvature  than  would  be  requisite  for  a 
lens  made  of  crown-glass  with  the  same  sort  of  flint.  This  is 
obviously  a  great  advantage,  as  both  the  splierical  aberration 
and  the  chromatic  differences  of  the  spherical  aberration  are 
leduced  when  the  curvatures  are  lessened.  Hence  the  use  of 
fluor-spar  for  the  construction  of  the  improved  achromatic 
lenses  may  be  regarded  as  an  application  of  this  material  of 
considerable  importance. 

1  have  now  the  honour  of  announcing  a  third  application 
of  fluor-spar;  namely  to  the  construction  of  direct-vision 
])risms  for  sp(!ctroscopic  purposes.  The  ver)'  same  con- 
siderations which  render  fluor  superior  to  crown-glass  for 
achromatizing  lenses  render  it,  by  an  inverse  use  of  the 
material,  superior  to  crown-glass  for  the  purpose  of  procuring, 
along  with  prisms  of  dense  flint,  a  wide  dispersion.  A  direct- 
vision  pi'ism  made  of  one  wide-angled  prism  of  dense  flint- 
glass  between  two  prisms  of  fluor  h:is  as  great  a  dispersion- 
power  as  an  ordinary  five-prism  cond)ination  of  alternate 
crowns  and  flints.  Such  a  prism,  constructed  for  me  by  Mr. 
C.  D.  Ahrens,  a  few  months  ago,  shows  extremely  good 
definition.  It  is  of  course  shorter  than  an  ordinary  crown- 
flint  condiination  of  ('(jual  power,  and  requires  fewer  surfaces 
to  be  worked  optically  true. 

When  talking  over  this  prism  with  Mr.  Ahrens,  he  made 
the  remark  that  it  would  now  be  possible  to  construct  a  direct- 
vision  prism  wholly  without  glass.  This  suggestion  has  since 
borne  fruit ;  and  enables  me  to  present  to  the  Section  a  small 
pieceofap])aratus  which  1  believe  is  an  entire  optical  novelty, 
namely  a  si)cctroscope  which  also  j)olarizes  the  light.  It 
consists  simply  of  three  prisms  cemented  together,  like  an 
ordinary  direct-vision  piism  ;  the  two  end  {)risms  being  of 
fluor-spar,  and  the  middle  prism  of  Iceland  spar.  The  latter 
is  cut  (as  in  the  improved  Nicol  prisms  which  I  have  on  two 
former  occasions  described  at  meetings  of  the  British  Asso- 
ciation) so  that  the  cr}  stallogiaphic  axis  of  the  spar  lies  at 
right  angles  to  the  line  of  vision.  The  combination,  whic-h 
was  constiucted  by  ]\Ir.  Ahrens,  acts  therefore  both  as  a  Nicol 
prism  and  as  a  direct-vision  prism.  It  is  intendeil  to  be 
employed  in  spectrophotometric  measurements. 

For  the  purjiote  of  direct-vision  jirisms  the  fluor-sj)ar 
em]tloyetl  must  be  of  the  colourless  kind,  as  a  considerable 
thickness  of  it  is  necessarily  interposed  in  the  path  of  the 
light.  That  which  Mr.  Ahrens  has  cut  for  me  is  almost 
colourless,  having  a  feeble  green  tinge.     The  combined  prism 
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of"  fliior  and  Iceland  spar  is  far  loss  absorbent  than  the  direct- 
vision  prisms  ordinarily  ni;ide  with  dense  flint  glass  of"  a  strong 
yellow  tinge.  For  the  j)urpose  of  achromatizing  lenses  the 
presence  of  a  greenisli  or  purplish  tinge  is  of  less  importance, 
as  a  smaller  thickness  is  used  :  and  the  purple  fluorescence, 
which  is  objectionable  in  some  vvays,  Nvill  not  trouble  the 
performance  of  the  lens  for  any  but  photographic  service. 

It  is  of  importance  to  note  that  the  tint,  whether  purplish 
or  greenish,  of  fluor-spar  may  be  greatly  reduced  or  nearly 
removed  by  simply  heating  tlie  spar  to  a  tem{)erature  a  little 
above  that  at  which  it  emits  light  in  a  darkened  room.  Care 
is  necessarv,  however,  that  the  crystals  should  not  bo  heated 
either  so  suddenly  oi-  to  so  high  a  temperature  as  to  cause 
decrepitation.  Another  point  of  even  greater  importance  in 
the  optical  applications  of  fluor-spar  is  the  selection  of  crystals 
which  are  not  macled.  Macled  crystals  of  fluor  seldom  fail 
to  show,  when  cut,  some  trace  of  double  refraction  which 
would  unfit  them  for  optical  purjioses. 

The  refractive  index  of  the  pale  green  variety  seems  to  be 
a  little  higher  than  that  of  the  colourless  spar.  I  find  r4:35 
as  the  sodium-light  index  of  refraction,  as  against  1**1338 
found  by  Dr.  Abbe. 

City  and  Guilds  Technical  College, 
Finsbury,  September  3,  1890. 


XY.    Un  the  Alternating  Electric  Arc  heticeen  a  Ball  and 
Point.     By  Edward  L.  Nichols*. 

Part  I.j 

THE  phenomenon  Avhich  forms  the  subject  of  this  paper 
wiis  first  brought  to  my  notice  by  Mr.  E.  G.  Acheson, 
the  result  of  -whose  unpublislied  observatiun  may  be  briefly 
stated  as  follows  : — 

T\vo  wires,  which  formed  the  terminals  of  the  secondary 
coil  of  an  alternating-current  transformer,  were  brought  nearly 
into  contact.  One  wire  was  armed  with  a  ball,  the  other  with 
a  point.  When  the  distance  was  such  as  to  admit  of  a  dis- 
charge between  the  two,  it  was  found  that  a  galvanometer  in 
shunt  aiound  the  ball  and  point  indicated  a  considerable  flow 
of  cojitinuous  current. 

This  ])henomenon  has  recently  been  subjected  to  invcstiga- 

*  From  Sillimaii's  American  Journal  of  Science,  Januarj'  1891. 
t  From  experiments  made  by  ^Jc-i-rt-.  AV.  K.  Arcliluld  nnd  G.  Li 
Teeplo. 
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lion  by  Messrs.  Archbold  and  Teeple.  Their  experiments, 
from  which  in  great  measure  the  data  used  in  the  first  part  of 
this  paper  have  been  taken,  are  described  at  length  in  their 
Thesis  in  Electrical  Engineering,  which  is  now  in  the  library 
of  Cornell  University*. 

The  apparatus  used  in  the  verification  of  ^Ir.  Acheson's 
observation  consisted  of  a  Kuhmkorff-coil  of  moderate  size, 
the  interrupter  and  condenser  of  which  had  been  thrown  out 
of  circuit.  The  primary  coil,  as  in  all  instruments  of  that 
type,  consisted  of  a  few  turns  of  heavy  wire  surrounding  a 
core  of  iron  wires.  When  this  coil  was  supplied  with  current 
from  a  small  alternating-current  dynamo,  making  l-i,000 
reversals  a  minute,  and  the  terminals  of  the  secondary  coil 
were  brought  into  position,  a  discharge  of  considerable  bril- 
liancy took  place  between  them.  To  the  unaided  eye  the 
discharge  api)eared  to  be  perfectly  continuous  ;  but  the  fact 
that  it  was  really  of  an  intermittent  and  j)eriodic  character 
was  indicated  l)y  the  emission  of  a  well-defined  musical  note, 
which  corresponded  in  frequency  with  the  period  of  alter- 
nation of  the  d3mamo. 

The  terminals  of  the  secondary  coil  were  subsequently  con- 
nected with  a  brass  ball  about  one  centimetre  in  diameter, 
and  with  a  point  consisting  of  a  steel  sewing-needle.  These 
were  mounted  horizontally  in  well-insulated  bearings,  the 
centre  of  the  ball  in  line  with  the  axis  of  the  needle.  The 
distance  between  the  ball  and  the  point  of  the  needle  was 
capable  of  adjustment  by  means  of  a  micrometer-screw.  A 
mirror-galvanometer  of  two  thousand  ohms,  having  in  its 
outer  circuit  about  one  hundred  thousand  ohms,  was  shunted 
around  the  luill  and  j)oint  (in  parallel  circuit  with  the  air- 
space between  them).  When  the  iutluction-coil  was  put  into 
oj)erati()n,  the  ball  and  point  being  too  far  apart  to  admit  of  a 
visible  discharge,  the  galvanometer-needle  remained  at  zero, 
but  when  they  were  brought  within  striking  distance  a  large 
and  constant  deflexion  was  produced.  AVheu  the  ball  and 
point  were  interchanged  the  deflexion  was  reversed,  its  direc- 
tion alwavs  being  that  which  would  have  resulted  from  a 
current  flowing  from  the  ball  to  the  point.  Under  the  influ- 
ence of  the  discharge,  which  was  intensely  luminous,  the 
steel  needle  was  fused  at  the  point  and  rajndly  wasted  by 
oxidation,   so  that  it  became  necessary    to    find  some  more 

*  '  The  Effect  of  placing  a  Ball  and  Point  in  a  High  Potential  Alter- 
niitiiig  Current  Circuit,'  bv  W.  K.  Archbold  and  G.  L.  Teeple.  Thesis 
in  M^.,  Cornell  University  Library,  1880. 
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refructoiy  uiiiterial*.  It  was  iiually  supplanted  by  ii  pointed 
platinum  wire,  whicli,  although  rendered  highly  incandescent, 
Avithstood  the  temperature  of  the  arc  much  better  than  steel 
had  done. 

The  foUoAving  quotation  will  serve  to  indicate  the  conclu- 
sions reached  by  the  observers  in  the  course  of  their  prelimi- 
nary experiments  with  the  platinum  point : — 

''  Tbe  behaviour  of  the  arc  as  its  length  is  increased  is  very 
curious.  As  the  point  is  withdrawn  tlie  arc  forms  and  sings 
with  an  even  tone,  the  pitch  corresponding  to  the  number  of 
alternations.  The  point  becomes  of  a  dull  red  colour,  while 
the  galvanometer  gives  a  small  but  quite  steady  deflexion. 
As  the  arc  is  drawn  out  it  sings  louder  and  more  harshly,  the 
point  becomes  redder,  while  the  galvanometer  deflexion  in- 
creases and  becomes  very  unsteady.  At  a  certain  critical 
length  the  following  phenomena  suddenly  occur : — the  tone 
becomes  smooth  and  even,  the  point  brightens  almost  to  a 
white  heat,  the  intensity  depending  upon  the  strength  of  the 
current,  while  the  galvanometer  deflexion  becomes  much 
greater  and  very  steady.  The  explanation  suggested,  and 
which  subsequent  ex])eriments  seem  to  confirm^  is  as  follows: — • 
At  first  the  arc  forms  both  ways,  the  rapid  succession  giving 
the  tone.  As  the  arc  lengthens  the  arc  still  forms  from  ball 
to  point,  but  is  only  intermitfent  (occasional)  from  point  to 
ball,  giving  the  unsteady  tone  and  deflexion.  Finally,  the  dis- 
tance becomes  too  great  for  the  arc  to  form  from  the  point  to 
the  ball,  while  it  still  passes  freely  the  other  way,  and  the  tone 
and  deflexion  becomi^  steady  "  f. 

It  was  to  the  conditions  existing  in  the  circuit  when  the 
critical  length  of  the  arc,  above  mentioned,  had  been  reached, 
that  Messrs.  Archbold  and  Teeple  chiefly  devoted  themselves. 
The  limits  between  which  it  was  necessary  to  maintain  the  arc 
w^ere  exceedingly  narrow,  a  verv  sliirht  extension  of  the  strikin  <r 
distance  beyond  the  critical  point  resulting  in  total  extinction 
of  the  discharge.     Small  changes  in  the  speed  of  the  machine 

*  The  attempt  to  use  cai'boii  tt^rminals  led  to  the  followiiio-  observa- 
tion: — "A  carbon  pencil  substituted  for  the  point  gave  the  same  effect, 
but  upon  putting  the  carbon  in  place  of  the  ball  it  still  acted  as  a  '  point.' 
If  two  carbons  were  used  the  more  puinted  one  acted  as  a  'point.'  (It 
was  observed  that  the  end  of  the  needle  was  fused  into  a  ball  hv  the  heat 
of  the  arc,  and  would  then  act  as  a  'bill'  to  the  smaller  particles  of 
carbon  projecting  from  the  end  of  the  pencil.)  Two  brass  balls  brought 
together  caused  a  drifting  of  the  galvanometer-needle  from  one  side  to  the 
other,  according,  it  is  to  be  presumed,  as  the  discharge  changed  the  nature 
of  the  two  surfaces,  so  tluit  minute  points  formed  on  one  or  the  other."' 
(Archbold  and  Teeple,  Thesis,  ]>.  3.) 

t  Archbold  and  Teeple,  Tlicsis,  p.  5. 
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were  sufficient  to  throw  tlie  appanitiis  out  of  udjustinent,  and 
the  arc,  once  ru|jture(l,  would  not  reappear  sj)ontaneously.  It 
could  he  re-establis]ied,hosvever,  by  the  momentary  introduc- 
tion of  a  bit  of  metjil  between  the  ball  and  point,  or  even  by 
the  interposition  of  a  candle-flame.  The  com])lete  stability  of 
the  discharge  was  finally  secured  by  driving  the  dynamo  by 
means  of  a  motor,  the  latter  being  supplied  from  a  storage 
battery. 

The  main  ])ortion  of  the  investigation  consisted  in  the  deter- 
mination of  the  periodic  changes  of  electromotive  force  and 
current  during  a  comj)lete  cycle,  when  no  arc  existed,  and  of 
the  modilications  introduced  into  the  curves  of  potential  and 
current  by  the  discharge  between  ball  and  jjoint.  Throughout 
the  entire  series  of  nieasunMuents,  the  striking-distance  was 
greater  than  the  critical  values  already  defined,  a  condition  the 
maintenance  of  winch  was  secured  by  watching  the  indications 
of  the  galvanometer. 

The  instrument  used  in  the  measurement  of  electromotive 
force  was  a  Thomson  mirror-galvanometer  of  ten  thousand 
ohms  resistance.  The  galvanometer  line  was  carried  to  the 
dvnamo,  where,  by  means  of  an  instantaneous  contact  device, 
the  circuit  was  closed  during  an  interval  of  exceedingly  short 
duration,  once  in  every  revolution.  The  device  consisted  of  a 
wooden  disk,  mounted  upon  the  shaft  of  the  machine.  A 
single  bar  of  brass,  on  the  periphery  of  the  disk,  passed  under 
a  brush  at  every  turn.  This  bar  was  connected  metallically 
with  a  brass  collar  on  the  shaft,  and  a  second  brush  l)earing 
upon  the  collar  completed  the  circuit.  By  thus  closing  the 
line  through  the  galvanometer,  for  an  instant,  once  in  a  revolu- 
tion, the  electromotive  force  of  the  second  circuit,  at  that 
particular  ])oint  of  the  cycle  for  which  the  contacts  were  made, 
could  be  measured;  and  since  the  brush  was  adjustable  through 
considerable  range,  the  entire  cycle  could  be  explored. 

The  arrangement  of  the  entire  aj»paratus  is  shown  in  fig.  1, 
rC  and  SO  are  the  primary  and  secondary  coils  of  the  induc- 
torium,  p  and  h  are  respectively  the  point  and  ball.  R  is  a 
non-inductive  resistance,  p  the  indicating  galvanometer,  in 
parallel  with  the  ball  and  ])oint,  r  a  non-inductive  resistance, 
.V  a  switch  by  means  of  which  the  Thomson  galvanometer 
could  be  shunted  at  will  arouml  li  or  y.  K  is  the  instanta- 
neous contact-device,  and  G  is  the  Thomson  galvanometer. 
AV'hen  the  Thomson  galvanometer  was  shunted  around  R, 
which  was  ])laced  in  the  main  circuit  leading  from  the 
induction-coil,  it  served  to  indicate  the  current  flowing  in 
iliaT  circuit  dui-ing  that  portioji  of  tlie  cycle  for  which  contact 
was  bring  iiKule  ;    when   connet'led    in   shunt    \\\\\\    the  gal- 
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vanometer  </,  it  nieasured  the  fall  of  potential  throutrh  tlie 
coils  of  the  latter  instrument.     The  function  of  the  indicatinp- 


^alvanoniet(M-,  during  this  pnrt  of  the  investioation,  consisted 
in  showing,  hy  the  size  and  direction  of  its  deflexion,  whether 
the  discharge  between  the  hall  and  point  continued  to  main- 
tain its  proper  character. 

The  result  of  measurements  throitghout  a  complete  cycle, 
both  when  the  arc  was  formed  and  when  it  was  extinguished, 
is  shown  in  curves  B  and  A  (fig.  2).  Curve  A  is  Avith  close 
a|)[)roximation  a  curve  of  sines,  and  it  indicates  the  usual 
fluctuations  of  current  to  be  looked  for  in  the  secondary  circuit 
of  an  alternating  system.  (!!urve  B  shows  the  current  through- 
out the  cycle  when  the  arc  was  playing.  Abscissae  represent 
portions  of  a  complete  cycle,  the  ])eriod  being  divided  into 
t^verity  equal  parts,  ordinates  the  relative  amounts  of  cun-ent 
through  the  resistance  H,  or  the  total  current  in  the  secondary 
circuit.  Deflexions,  when  the  current  flows  from  ball  to  point, 
are  plotted  above  the  base  line.  As  may  be  seen  from  the 
curve  B,  the  current  flowing  in  the  ])ositive  direction  during 
each  cycle  was  greatly  in  excess  of  that  flowing  in  the  nega- 
tive direction,  when  the  discharge  was  taking  place  between 
ball  and  })oint.  whereas  when  no  arc  was  formed  (curve  A)  the 
areas  inclosed  by  the  positive  and  negative  branches  of  the 
curve  were  ecpnd.  Now  there  were  two  paths  ofl'ered  to  the 
current,  that  through  the  galvanometer  (/  and  the  resistance  r, 
wliich    consisted   of   a    colunni    of  copper-sulphate    solution 

L2 
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behvocn  copper  poles  ('ai)proxiniately  1 12,000  ohms),  on  the 
one  hand,  and  the  parallel  circuit  between  the  ball  and  ])oint 
on  the  other.     The  resistance  of  the  latter  j»ath  was  infinite 
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whenever  the  arc  was  interrupted,  tailing  to  finite  values 
during  each  discharge.  Increase  of"  current  through  K 
indicates,  therefore,  the  formation  of  the  arc.  Such  increase 
is  found  to  exist  during  the  secoiul  half  of  each  cycle,  that  is 
to  say,  during  that  interval  in  which  the  ball  is  positive  ;  and 
it  might  be  inferred  from  these  curves  alone  that  the  dis- 
charge was  an  intermittent  one  taking  place  always  from  ball 
to  point.  Other  curves,  taken  simultaneously  with  A  and  B, 
the  Thomson  galvanometer  l>eing  shunted  around  the  indicator 
galvanometer,  lead  to  the  same  conclusion.  The  curves 
marked  C  and  D  (fig.  2)  show  the  results  obtained.  It  was 
thought  that  they  would  give  the  fluctuations  in  electromotive 
force  between  ball  and  point,  corresponding  in  time  to  the 
current  fluctuations  in  the  resistance  R.  The  indicating 
galvanometer,  however,  owing  to  the  very  rapid  alternations 
to  which  the  circuit  was  subjected,  was  found  to  possess  such 
liigh  self-induction  as  to  materially  influence  the  result. 
kSlrictly  speaking,  the  curves  C  and  D,  therefore,  give  the 
])eriodic  changes  of  elei'tromotive  force  at  the  terminals  of  the 
indicator  and  not  tlu)>(>  occurring  at  the  ball  and  point. 
These  curves  are  nevertheless  of  considerable  interest.    The 


Electric  Arc  between  a  Bull  and  Point.  129 

curve  C  shows  the  character  of  the  cycle  when  no  arc  was 
formed,  and  D,  when  the  arc  was  in  operation ;  C,  like  A,  is 
apj)roxiniately  a  curve  of  sines.  The  irregularity  at  its  posi- 
tive crest,  which  also  appears  in  D,  is  probably  due  to  the 
imperfect  performance  of  the  contact  brush,  and,  having  no 
bearing  upon  the  phenomena  which  the  curves  are  intended 
to  elucidate,  may  be  disregarded.  Since  no  current  was  pass- 
ing between  the  ball  and  point  when  A  and  C  were  taken, 
they  represent  the  fluctuations  in  successive  portions  of  the 
same  circuit.  The  lag,  due  to  self-induction,  however,  is  very 
marked,  amounting  to  almost  90°  of  phase.  Curve  D,  which 
shows  the  influence  of  the  arc,  is  especially  instructive.  The 
potential  rises  during  the  first  part  of  the  cycle  (ball  positive); 
then  follows  a  very  sharp  oscillation,  occupying  about  one 
twentieth  of  the  entire  period  or  1/4600  of  a  second  of  time. 
The  potentinl  then  reaches  a  small  positive  value,  which  it 
maintains  without  fluctuation  for  at  least  four  tenths  of  a  com- 
i)lete  cycle,  when  it  suddenly  becomes  strongly  negative. 

Fig.  3. 
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To  obtain  curves  of  eleetromotivc  force  between  ball  and 
point  directly,  a  non-inductive  resistance  was  substitutcil  for 
tlie  indicating  galvanometer,  and  the  measurements  from  which 
curves  C  and  D  had  been  drawn  wrre  repeated.  Of  the  two 
curves  thus  determined,  the  one  taken  when  the  arc  was  not 
playing  (E,  fig.  3)  is  a  sine  curve  closely  coinciding  in  phase 
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with  the  .simultaneous  curve  of  current  (A,  fig.  2).  The 
corresjjonding-  curve  ¥,  which  was  taken  while  the  discharge 
was  passing  between  the  ball  and  point,  is  in  its  essential 
features  of  the  same  character  as  curve  D  (fig.  2).  The 
interval  of  uniform  positive  potential  is  of  the  same  length,  and 
it  is  coincideiit  with  the  interval  of  excess  of  current  which 
shows  itself  in  the  positive  branch  of  curve  B.  It  is  note- 
worthy that  this  interval  of  uniform  potential  which  marks 
the  duration  of  the  arc,  occupies  in  both  cases  the  same  portion 
of  the  cycle  (between  scale-divisions  10  and  19,  approxi- 
mately), although  there  is  otherwise  a  difference  of  phase, 
due  to  self-induction,  amounting  to  at  least  four  scale-divisions. 
Curve  C,  for  instance,  reaches  its  maximum  in  the  neighbour- 
hood of  scale-division  8,  curve  E  at  scale-division  12.  The 
exclusion  of  the  coils  of  the  indicating  galvanometer  from  the 
circuit  reduced  this  difference  of  phase  to  a  small  quantity, 
and  it  suj)prossed  altogether  the  remarkable  oscillation  of 
electromotive  force  (see  curve  D)  which  in  all  jjreceding 
experiments  bad  introduced  the  formation  of  the  arc. 

The  ivsults  exhibited  gra])bicallv  in  these  six  curves  afford 
abundant  verification  of  the  tlieory  of  the  ball  and  j)oint  phe- 
nomenon, given  in  a  previous  paragraph  ;  and  they  establish 
the  fact  that  in  the  secondary  circuit  of  a  transformer,  such  as 
that  made  use  of  in  these  exj)eriments,  the  striking-distance 
from  l)all  to  ]ioint  exceeds  that  from  point  to  ball.  It  follows 
that  whenever  the  space  bcilween  the  ball  and  point  is  less 
than  the  former  and  greater  than  the  latter  distance,  discharge 
will  occur  only  during  that  portion  of  each  alternation  for 
which  the  ball  is  positive,  and  that  under  such  circumstances 
a  galvanometer  placed  in  the  circuit  will  show  a  constant 
deflexion. 

(\)mj)Iete  coiroboration  of  the  foregoing  conclusion  was 
obtained  by  studying  the  image  of  the  arc  in  a  revolving 
mirror.  ^Vith  an  arc  of  less  than  the  critical  length  the 
discharge  was  seen  to  consist  of  two  distinct  sets  of  sj)arks,  all 
of  the  same  duration  but  differing  in  colour.  Each  alternate 
discharge  was  purple,  the  intermediate  ones  being  of  a  green- 
ish cast.  The  s[)ark-images  were  everywhere  equidistant, 
and  their  duration  was  about  iour  times  as  great  as  the  inter- 
vening intervals  of  darkness.  The  extension  of  the  sparking- 
distance  beyond  the  critical  point  resulted  in  the  complete 
su])pression  of  the  series  of  ])urple  images,  the  intermediate 
ones  remaining  undisturbed  in  |)osition,  duration,  and  aj>pear- 
ance.  The  intervals  of  darkness  were  then  estimated  to  occupv 
six  tenths  oi"  each  cycle,  the  discharges  four  tenths  :  a  ratio 
which  corresjionds  wiih  that  ot"  the  duration  of  positive  poten- 
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tial  of  the  ball  (as  shown  in  the  curve)  to  tlie  total  length  of 
a  complete  cvcle. 

The  ball-and-point  phenomenon  is  unquestionably  very 
closely  related  to  a  cl.iss  of  effects  with  which  students  of 
static  electricity  liave  long  been  acquainted.  One  recalls,  to 
begin  with,  Faraday's  experiments  with  the  Leyden  jar  ;  in 
which,  of  two  paths,  tlie  spark  invariably  followed  that  involv- 
ing passage  from  a  positive  ball  to  a  negative  point,  in  pre- 
ference to  another,  through  equal  air-space  between  a  negative 
ball  and  a  positive  point*.  Wiedemann  and  Ruhlmann  have 
since  shown  that,  between  spherical  electrodes  which  differ  in 
diameter,  the  quantity  of  electricity  necessary  to  produce  a 
discharge  is  less  when  the  larger  ball  is  positive  than  wdien  it 
is  negative  f  ;  and  Macfarlane  has  measured  the  electro- 
motive force  which  will  produce  a  spark  between  a  point  and 
plate,  and  has  found  it  to  be  greater  when  the  point  is  positive 
than  when  it  is  negative  J. 

In  view  of  the  experiments  described  in  the  present  paper, 
it  appears  that  what  is  true,  in  this  particular,  of  the  spark 
from  the  Leyden  jar  and  the  discharge  of  the  Holtz  machine, 
is  true  also  of  the  alternatinor-eurrent  arc. 


Part  II.§ 

After  the  completion  of  the  experiments  of  Messrs.  Arch- 
bold  and  Teeple,  the  study  of  the  Ball-and-Point  Phenomenon 
was  taken  uj)  under  the  writer's  direction  by  Mr.  F.  (J.  Cald- 
well ;  the  chief  purpose  of  the  investigation  being  to  test  the 
applicability  of  the  effect  to  alternate  current  measurement  ||. 

Irregularities  of  action  due  to  rapid  changes  in  the  surfaces 
of  the  point  and  ball,  by  corrosion  and  disintegration  under 
the  arc,  finally  caused  the  attempt  to  be  abandoned  for  the 
time  being,  but  Mr.  Caldwell  in  the  course  of  his  work  made 
a  laro-e  number  of  observations  of  the  discharo-e  under  various 
conditions.  Many  of  these  are  of  interest  in  this  connexion 
on  account  of  the  light  which  they  throw  upon  the  original 
experiments,  and  because  of  the  lines  of  further  research 
which  they  suggest. 

*  Faraday,  Expi^rimpiital  Rosearclies,  §  149.3. 

t  Wiedeniaiui  and  IJiihlmann,  Annalcn  der  Phyaik  unci  Chemie,  rxlv. 
See  also  Wiedeniann,  J'Jlcktrici/.dt,  iv.  p.  402. 

X  Alexander  Macfarlane,  Proceedings  of  the  Royal  Societ\-  of  1-Min- 
burgh,  vol.  X.  p.  55;";  (1S79-HO). 

§  From  experiments  inade  by  Mr.  F.  C.  Caldwell. 

II  Frank  Carv  Caldwell,  "  A  study  of  the  Alternating  Ar<-  betwewu  a 
Ball  and  Point."     Thesis  in  MS.  Library  of  Cornell  University  (l^iJO). 
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Mr.  Cul(]w(!ll's  first  stop,  after  Imvinf^  repeated  tlic  ])relimi- 
nary  exitcj-iinents  of  Archbold  and  Tccple,  und  verified  their 
statements,  was  to  substitute  a  ball  with  a  surface  of  platinum 
for  the  brass  ball  used  by  them.  The  new  ball  withstood  the 
action  of  the  arc  no  better  than  the  old  one  had  done.  It 
soon  became  covered  with  a  black  dejiosit,  the  trrowth  of  which 
modified  and  vitiated  the  action  of  the  apparatus.  In  experi- 
menting with  such  a  ball,  the  surface  of  which  was  still  bright 
and  new,  and  with  a  j)oint  of  the  same  metal,  it  was  noticed 
that  witliin  the  critical  distance,  while  the  s[)ark  was  passing 
in  both  directions,  there  appeared  to  be  two  distinct  paths 
along  which  the  discharge  was  taking  place.  One  of  these  was 
nearly  in  the  line  from  the  |)oint  to  the  ball,  normal  to  the 
surface  of  the  latter,  the  other  from  the  point  in  a  direction 
approxiiiiately  at  45°  with  the  common  axis  of  the  pointed  rod 
and  ball.  Upon  increasing  the  distance  until  the  discharge 
entered  the  "  one  way  "  stage,  the  longer  and  oblique  path  of 
flow  Aanished.  In  the  revolving  mirror  the  two  classes  of 
sparks  were  easily  identified.  They  were  found  to  occur  in 
alternation  with  each  other,  the  spark  which  followed  the  nor- 
mal path  being  that  which  passed  from  ball  to  point,  the  other 
that  from  point  to  ball.  The  images  of  the  discharge  from 
the  ])oint  disappeared  as  soon  as  the  critical  distance  was 
readied.  Jii  order  to  place  the  matter  beyond  all  doubt,  the 
times  of  the  discharge  which  followed  the  norm:il  j)ath  were 
determined  by  an  ingenious  method,  quite  independent  of 
that  used  by  the  first  observers,  and  it  was  found  that  the 
spark  occurred  always  in  that  part  of  the  cycle  during  whicli 
the  ball  was  positive. 

Mr.  Caldwell's  method  of  fixing  the  time  of  the  discharge, 
briefiy  stated,  was  as  follows.  An  adjustable  contact  device, 
similar  to  that  used  by  Archbold  and  Teeble,  was  attached  to 
the  shaft  of  the  dynamo.  A  wire  from  one  pole  of  a  large 
Holtz  machine,  driven  by  power,  was  carried  to  the  neighbour- 
hood of  the  ball  and  ])oint,  where  two  platinum  terminals, 
1  millim.  apart,  were  set  up.  The  wire  was  connected  with 
one  of  these,  and  a  line  was  carried  from  the  other  to  the  con- 
tact device.  A  wire  from  the  latter  to  the  remaining  terminal 
of  the  Holtz  machine  completed  the  circuit.  Whenever  the 
brush  made  contact,  a  spark  leaped  between  the  platinum 
terminals  just  described.  By  adjustment  of  the  brusli,  the 
spark  couUl  be  made  to  appear  at  any  desired  instant  in  the 
cycle  of  alternations  of  the  dvnamo.  The  ])latinum  terminals 
were  placetl  so  that  the  image  of  the  spark  in  the  revolving 
mirror    was    seen    side    bv    >ide    with  that   of  the  dischariie 
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between  the  hall  and  point,  and  tlie  precise  jtosition  in  the 
cv(de  occupied  by  the  hitter  was  thus  readily  determined. 

( 'loser  study  of  the  two  paths  of  discharge  showed  that  the 
oblique  arc  left  the  very  apex  of  the  jioint,  swinfi;in<!;  out 
laterally  into  its  path  ;  also  that  the  normal  arc,  on  apj)roach- 
in<i;  the  point,  avoided  the  apex  and  entered  the  wire  fi"om  the 
side,  never  passing  in  at  the  point  itself. 

From  these  observations  it  ap])ears  : — 

1.  That  the  discharge  from  the  ball  (positive)  leaves  the 
latter  in  a  direction  normal  to  the  surface,  but  that  it  enters 
the  other  terniinal  at  some  distance  front  the  a])ex. 

2.  That  the  discharge  from  the  point  (positive)  leaves  the 
very  apex  of  the  latter,  but  is  deflected  into  a  course  nearly 
45^  from  the  axis  and  reaches  the  ball  obliquely  at  some  point 
on  its  side. 

Taking  these  observations  into  consideration,  the  explana- 
tion of  the  cessation  of  the  discharge  from  the  jioint  at  the 
critical  distance  and  of  the  establishment  of  the  "  one  way  " 
arc,  follows  at  once.  The  two  paths  of  discharge  differ  in 
length,  and  for  a  given  electromotive  force  the  maximum 
striking  distance  is  sooner  reached  in  the  case  of  the  oblique 
than  of  the  normal  arc,  so  that  the  latter  continues  to  pass 
at  greater  distances  (of  bail  and  point)  than  the  former. 

Further  inspection  of  the  images  of  the  two  arcs  in  the 
revolving  mirror  revealed  another  curious  fact.  The  mirror 
was  set  up  with  its  axis  of  revolution  parallel  to  the  common 
axis  of  the  ball  and  point.  The  image  of  an  instantaneous 
s[)ark  following  the  line  of  the  normal  arc  would  therefore  be 
a  line  parallel  to  the  axis  of  the  mirror.  Since  the  duration  of 
the  discharge  was  nearly  "001  second,  this  linear  image  was 
exj)anded  into  a  broad  rectangular  band.  The  image  of  any 
oblique  discharge  would  in  general  be  an  oblique  parallelogram. 
The  image  of  the  discharge  from  point  to  ball,  however,  was 
not  of  that  form.  It  a})peared  rather  as  a  warped  surface  the 
form  of  which  could  be  ex])lained  only  by  sujjposing  that  the 
discharge  at  first  followed  the  normal  path  to  the  ball,  and  was 
gradually  displaced  as  the  cycle  ])rogressed,  until  it  reached 
its  extreme  position  at  45°  to  the  axis,  just  before  the  ru})ture 
of  the  arc. 

Definite  results  were  obtained  only  while  the  j)latinum  sur- 
face was  new  and  bright.  The  region  where  the  normal  arc 
hd't  the  ball  soon  became  tarnished  and  corroded  and  there 
was  an  increasing  tendency  on  the  part  of  the  oltli«|Ue  arc  to 
leave  its  own  path  and  join  the  other. 

When  the  ball  was  su|){)lanted  by  a  platinum  wire,  1  millim. 
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in  diameter,  with  rounded  tip,  the  object  being  to  force  the 
two  discliurges  into  a  common  path,  it  was  found  that  the  arc 
from  the  point  (positive)  avoided  the  end  of  the  wire  alto- 
gether, and  struck  in  upon  the  cyhndrical  surface  beyond. 
When  tlu!  end  of  this  wire  was  surrounded  by  an  insulated 
])latinnm  ring  which  was  connected  with  the  terminal  of  the 
induction-coil  by  a  separate  wire — the  intention  being  if 
possible  to  separate  the  two  phases  of  current  and  conduct 
them  over  different  wires — it  Avas  found  that  the  arc  from 
the  point  (positive)  always  entered  the  centre  wire,  never 
being  divert(^d  to  the  ring,  although  the  intervening  air-space 
was  less  than  a  millimetre.  The  ri^turning  arc,  however, 
would  sometimes  leave  the  ring  and  sometimes  the  wire,  and 
a  galvanometer  placed  in  the  circuit  between  the  ring  and  the 
induction-coil  showed  a  large  deflexion,  such  as  would  be 
caused  by  a  flow  of  current  towards  the  ring.  This  result 
seems  to  be  in  accordance  with  the  conclusion  reached  from 
the  inspection  of  the  images  in  the  revolving  mirror  ;  namely 
that  the  arc  from  the  |)oii\t  always  formed  first  along  the 
shortest  path.  Deflexion  from  that  path  in  the  case  of  the 
wire  and  ring  would  probably  be  hindered  by  the  insulating 
medium  which  intf^rvened.  When,  finally,  a  clu?t(>r  of  points 
were  op])osed  to  the  single  point,  it  was  found  that  the  dis- 
charge from  the  latter  was  alwavs  along  a  single  path,  whereas 
the  return  arc  from  the  cluster  (  positive)  often  followed  several 
paths. 

It  had  been  noted  by  Messrs.  Archbold  and  Teeple,  that  the 
y)latinum  point  used  in  their  experiments,  which  was  red-hot 
while  the  arc  was  passing  in  both  directions,  became  white-hot 
during  the  ^' one  way^^  stage.  The  h(>ating-effects  at  the 
surface  of  the  brass  ball  were  not  discernible,  but  when  Mr. 
Caldwell  substituted  a  thin  sheet  of  platinimi  for  tlie  ball,  this 
became  incandescent  under  the  action  of  the  ar?s.  The  spot 
where  the  oblique  arc  (point  positive)  impinged  upon  the  foil 
became  white-hot,  while  that  at  which  the  normal  arc  (ball 
jiositive)  left  the  foil  was  barely  red-hot.  In  this  respect,  tht^n, 
the  discharges  act  like  the  ordinary  sj)arks  of  the  influence- 
machine  or  induction-coil,  which,  as  has  been  shown  by 
Despretz,  Poggendorf,  Naccari,  and  other  observers,  heat  the 
negative  eleeti-ode  to  a  higher  degree  than  the  positive  one. 
This  action  is  in  marked  contradistinction  to  that  of  the  con- 
tinuous cuir<'nt  arc.  the  positive  terminal  i>f  which  takes  the 
higher  temperature. 

in  this  briel' account  of  Mr.  Caldwell's  ex|)eriments,  I  have 
omitted  to  mention  many  of  the  observations  recorded  by  him. 
He   had   oi-casion   in  the  course  of  his  investigation  to  study 
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the  discharge  under  a  variety  of  conditions,  and  found  that 
when  liquid  surfaces  (mercur}-  or  water)  were  used  in  place 
of  the  ball,  also  that  when  hydrocren,  carbon-dioxide  or 
illuminating-gas  were  substituted  for  air,  as  a  dielectric,  the 
ball-and-point  effect,  more  or  less  modified,  could  still  be 
obtained.  The  investigation  of  these  points,  although  it  has 
already  led  to  some  results  of  significance,  is  as  yet  very 
incomplete. 

Physical  Laboratory  of  Cornell  University, 
Septembar  ISUO. 


XVI.    Conductivity/  of  Hot  Gases. 

To  the  Editors  of  the  Philosopliical  Magazine  and  Journal. 
Gentlemen,  Cambridge,  January  li),  1801. 

IN  the  January  number  of  Wiedemann's  Aiinalen  Dr. 
Arrhenius  publishes  an  account  of  some  experiments  on 
the  conductivity  of  hot  vapours.  His  results  differ  from  those 
obtained  by  me  (Phil.  Mag.  April  and  May  181)0)  in  the 
cases  of  the  va])0urs  of  hydrochloric  acid,  hydriodic  acid,  and 
ammonium  chloride.  According  to  his  experiments  these 
vapours  do  not  conduct  appreciably  better  than  air  at  the 
same  temperature,  while  I  found  that  their  conductivities 
were  very  greatly  in  excess  of  that  of  air.  The  difference 
between  these  results  is,  I  think,  easily  explained  on  the  view 
given  in  my  paper,  that  the  conduction  of  electricity  through 
hot  gases  is  due  to  dissociation.  The  method  employed  by 
Dr.  Arrhenius  was  to  inject  these  substances  into  a  flame  ; 
thus  the  hydrochloric-acid  gas,  for  example,  would  be  sur- 
rounded by  a  multitude  of  other  gases,  and  especially  by 
hydrogen.  The  presence  of  a  large  excess  of  hydrogen  would 
retard  the  dissociation  of  a  gas  such  as  hydrochloric  acid,  of 
which  hydrogen  is  one  of  the  products  of  dissociation  ;  for  it 
is  a  well-recognized  principle  in  the  theory  of  dissociation, 
that  it  is  retarded  by  the  ])resence  in  excess  of  one  of  the 
products  of  dissociation.  This  has  been  verified  by  Wurtz, 
who  found  that  an  excess  of  PCI3  stopped  the  dissociation  of 
PCI5.  In  Dr.  Arrhenius's  experiments  the  dissociation  of  the 
liydrochloric  acid  would  thus  be  very  much  less  than  it  was 
in  mine,  when  the  gas  was  heated  by  itself,  and  when  the 
dissociation  was  large  enough  to  be  detected  by  chemical 
means.  This,  on  the  view  that  the  conductivity  is  due  to 
dissociation,  would  be  sufficient  to  explain  the  difference  in 
the  results.  1  have  found  myself  that  the  conductivity  of 
HCl  is  very  nuich  reduced   by  dilution  witii  hydrogen,  more 
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so  tli.in  when  diluted  witli  C-Og.  The  difference  between  the 
results  for  ill  may  be  explained  in  the  same  way  ;  and  the 
case  of"  ammonium  chloride  is  jiracticallv  the  same  as  HCl,  as  it 
dissociates  into  NH3  and  HCl,  and  the  NH3  does  not  conduct. 

I  may  say  that  it  was  the  fear  of  the  true  conductivity  of 
the  liot  erases  heinfr  masked  by  secondary  eflfects  of  this  kind, 
combined  with  the  hi^li  conductivity  of  the  flame  itself,  whicli 
made  me  reject  the  use  of  flames  in  my  experiments.  In  a 
flame  the  chemical  conditions  are  so  complex  tiiat  it  is  almost 
iin])ossible  to  obtain  results  whose  interpretation  is  free  from 
ambiguity. 

Some  other  remarks  of  Dr.  Arrhenius  are  due  to  a  mis- 
inter{)retation  of  my  meaning.  1  never  stated  that  if  we  had 
the  same  number  of  molecules  per  unit  volume  of  HI  and 
I,  the  HI  would  conduct  better  than  the  1.  On  the  coutrarv, 
I  regard  the  conductivity  of  both  HCl  and  HI  as  due  to  some 
of  the  chlorine  and  iodine  remaining  dissociated  after  the 
molecules  of  the  gas  have  been  split  uj).  Dr.  Arrhenius  also 
ex|»lains  the  small  conductivity  of  a  dissociated  gas,  such  as 
iodine,  when  compared  with  the  conductivity  of  an  electro- 
lyte, by  asking,  Who  can  tell  how  many  of  the  atoms  of  the 
dissociated  gas  are  uncharged  ?  but  if  the  atoms  of  the  ga.s 
can  be  witlioiit  charg(?  why  cannot  those  of  a  salt  in  solution? 
and  if  we  admit  the  existence  of  uncharged,  that  is  electrically 
inactive  atoms,  why  should  there  be  any  connexion  between 
electric  conductivity  and  osmotic  j)ressure  ? 
1  remain,  Gentlemen, 

Yours  very  truly, 

J.  J.  Thomson, 


XVII.  ^1  Lecture  Experiment  Uhistrating  the  Kffeci  of  Heat 
vpvn  the  Mitgnetie  Snsceptihilily  of  JSickel.  Hy  ShELFORD 
BiuwELL,  M.A.,  F.R.S* 

IT  is  well  known  that  iron  when  made  red-hot  loses  its  sus- 
ceptibility and  practically  becomes  a  non-magnetic  metal. 
Nickel  becomes  non-magnetizable  at  a  much  lower  tempera- 
ture, perhaps  at  about  300°.  The  following  is  a  description 
of  a  simple  jiiece  of  aj)paratus  by  means  of  which  this  effect 
may  be  shown  as  a  lecture  experiment. 

A  copper  disk,  to  which  a  thin  projecting  tongue  of  nickel 
is  soldered,  hangs  like  the  bob  of  a  })endulum  from  a  double 
thread.  This  bob  is  held  on  one  side  by  a  hori/ontallv-tixed 
bar-magnet,  whii-h  attracts  and  holds  fast  the  nickel  tongue 
when  brought  into  contact  with  it.  A  spirit-lamp  is  placed 
*  ("(tiiuiuiiiicatcd  l)y  llu^  I'liysical  SucitMv  :  rciul  Ajiril  l.'l,  1H85). 


upon  the  Magneiic  SusceptilnJky  of  Nickel.  137 

beneath  the  tongue,  and  in  a  few  seconds  the  heat  of  the 
flame  temporarily  destroys  tlie  maonetic  quality  of  the  nickel, 
so  that  the  magnet  can  no  longer  hold  it.  The  bob  accord- 
ingly falls  back  and  performs  an  oscillation.  In  the  course 
of  its  excursion,  however,  the  metal  becomes  cooler,  and 
when  it  returns  to  the  neighbourbood  of  the  magnet  the 
tongue  is  once  more  attracted.  But  after  a  momentary  contact 
it  is  again  liberated,  and  the  process  is  repeated.  If  the 
position  of  the  magnet  and  the  size  of  the  flame  are  proj)erly 
adjusted,  and  care  is  taken  to  shield  the  apparatus  from 
currents  of  air,  the  bob  may  be  kept  swinging  for  an  in- 
definite period  like  the  pendulum  of  a  clock. 


Tlie  apparatus  is  shown  in  the  annexed  figure,  and  its 
dimensions  are  as  follows  : — Diameter  of  the  coj)per  lioii 
5  centim.,  Ihickness  00t>  centim.     JAMigth  of  the  jirojecting 
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])ortion  of  the  nickel  t(;n;i;uG  Vi)  eentim.,  width  0"8  eentim., 
thickness  0'08  ceiitini.  The  end  of  the  nickel  is  tiled  to  :x  blunt 
point  (about  13o°).  A  stout  copper  wire  (0'14  eentim.  in 
diameter),  to  which  the  suspending  thread  is  attached,  passes 
throuo;h  a  hole  drilled  near  the  upjier  edge  of  the  disk  and  is 
fixed  by  solih^r.  The  co[)j)('r  wire  is  Ijent  in  such  a  manner 
as  to  make  th(!  nickel  tongue  hang  horizoiirallv.  Th<»  co[)per 
disk  and  the  nickel  tongue,  except  the  extreme  [)oint  of  the 
latter,  are  coated  with  a  mixture  of  lam[)ljlack  and-g(dd  si/e 
to  facilitate  cooling  by  radiation.  The  length  of  the  pendu- 
lum from  the  suspending  beam  to  the  centre  of  the  bob  is 
8i3  eentim.  In  order  to  prevent  accidents  b}'  burning,  the 
lower  \y.n-t  of  tlie  suspension  for  a  length  of  about  10  eentim. 
is  made  of  fine  wire  ;  the  remainder  consists  of  ordinary 
sewing-silk.  The  round  l)ar-magn(!t  is  about  13  eentim.  long 
and  1"2  eentim.  in  diameter  ;  it  slides  stifHy  through  a  hori- 
zontid  hole  in  an  u[)right  post,  and  its  best  position  must  be 
found  by  trial.  A  sheet  of  white  cardboard  is  tixed  behind 
the  l)ol),  so  that  the  effect  may  be  well  s  en  at  a  distance. 

The  al)0ve  dimensions  might  no  doubt  l)e  varied  con- 
siderably without  detriment  ;  but  if  they  are  followed  good 
results  may  be  certainly  obtained  without  waste  of  time  in 
experiment. 
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An  Elementari/  Treatise  on  ITi/clro(h/)iamics  and  Sound.  B>/  A.  B. 
Basset,  31. A.,  F.li.S.,  Trinitji  College,  Camhridge.  Cambridge : 
Deighton,  Bell,  and  Co.     Loudon:  (xeorge  Bell  and  Sons,    1890. 

^piIIS  is  a  "  middle "  treatise  on  the  mathematical  theory  of 
-*-  Liquid-Dynamics,  forming  Part  I.,  and  Aero-Dynamics,  to 
which  Part  II.  is  devoted,  as  far  as  needful  for  the  elementary 
treatment  of  Sound.  It  is  chiefly  designed  for  students  reading 
for  Part  I.  of  the  Cambridge  Tripos,  or  other  Examinations,  in 
which  an  elementary  knowledge  of  its  subjects  is  required  ;  "but  " 
the  Author  also  trusts  (to  alter  slightly  his  phraseology)  "  that  it 
will  not  ouly  be  of  service  to  those  who  have  neither  the  time  nor 
the  inclination  to  become  conversant  with  the  intricacies  of  the 
higher  mathematics,  but  will  also  prepare  the  way "  for  those 
intending  to  proceed  to  the  higher  parts  of  these  subjects. 

Some  years  back  Lord  Eayleigh,  while  lilling  the  post  of  Caven- 
dish Professor,  threw  out  a  suggestion  that  the  instruction  in 
Pure  JMat hematics  of  students  who  proposed  to  devote  themselves 
mainly  to  IMiysics  should  he  limited,  as  far  as  possible,  to  those 
parts  which  are  indispensable  to  this  object — a  remark  particularly 
applicable  to  the  training  of  such  a  "  middle"  class  of  students  as 
those  for  whom  chiefly  3Ir.  Basset  writes,  his  present  treatise 
requiring  no  more  thau  "a  knowledge  of  the  elements  of  Differeu- 
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1  iiil  and  Integral  Calculus  and  the  fundamental  parts  of  Uynaniics." 
The  endeavour  has  been  "  to  solve  the  various  problems  which 
present  themselves  with  the  aid  of  the  Princi])les  of  Energy  or 
Momentum,"  fixed  axes  only  being  used  in  all  but  a  few  c:ises — 
which  might  be  passed  over  by  those  whom  the  employment  of 
moving  axes  would  puzzle.  Accordingly  in  Chap,  i.,  on  "  Kine- 
matic Theoi-ems,"  in  the  few  lines  gi\en  to  the  Lagrangian  Method 
the  fact  that  the  axes  are  considered  fixed  is  emphasized;  but  there 
seems  no  reason  why  historical  order  should  not  be  adhered  to  and 
the  Eulerian  given  the  priority  to  the  Lagrangian  method.  What- 
ever room  allows  to  be  done  in  directing  the  student's  attention  to 
the  historv  of  the  progress  of  his  subject  is  valuable.  So,  later  on, 
under  "  Ijiynamical  Theorems" — as  in  the  Author's  excellent  larger 
treatise — it  is  barelv  remarked  that  the  principle  involved  in  e(|ua- 
tiou  (30)  is  Bernoulli's  Theorem  ;  but  to  which  of  the  gifted  family 
it,  is  due  the  student  is  left  uninformed,  as  also  of  the  work  in 
which  it  was  originally  given — Bernoulli's  Jli/drodt/iuonica,  or 
John,  his  father's  [Tydraulica,  1738,  In  the  case  of  living  writers 
the  references  are  more  fully  given.  Dr.  Glaisher,  iu  his  Address 
to  Section  A,  British  Association,  Leeds  Meeting  of  last  year, 
made  a  valuable  recommendation  that  in  all  Mathematical  Treatises 
references  should  be  given  to  the  original  memoirs  &c.  in  which  the 
results  noticed  first  appeared.  The  late  Mr.  (xregory,  following 
the  precedent  set  by  Dean  Peacock,  made  such  references  (even 
if  at  second  hand)  a  feature  in  his  well-known  '  Examples,' 
and  Mr.  Walton  in  his,  on  Dynamics  and  Hydrostatics,  adhered 
to  the  precedent,  thereby  giving  a  rough  skeleton-history  of  the 
subjects.  It  is,  however,  of  more  importance  that  condensation 
to  save  space  should  not  be  carried  to  the  point  of  merely  writing 
down  a  result  without  proof  in  cases  where  one  of  the  classes  of 
students  for  whom  the  treatise  is  intended  could  not  fairly  be 
considered  competent — if  willing  to  pause,  in  "getting  up  "  the 
book,  and  make  the  eft'ort — to  supply  the  details  of  proof.  This  is 
the  case  when  the  equation  [(7)  Chap,  i.]  of  continuity  for  liquids 
in  Polar  Coordinates  is  merely  set  down  ;  while  in  the  larger 
treatise  the  details  of  the  proof  are  given,  though  not  with  the 
fulness  which  \^•ould  be  adequate  to  the  wants  of  the  reader  of 
the  present  "  Elementary "  one.  Besides  those  alluded  to,  sub- 
jects dealt  Mith  in  this  preliminary  chapter  are  "  Flow  and  Cir- 
culation," "Sources,'' and  "Doublets  "  and  the  "Velocity-Poten- 
tials" due  to  them;  "Images;"  Kational  Proofs  of  Torricelli's 
Theorem  and  of  the  least  section  of  the  Vena  Contracta  being  a 
third  harmonic  to  the  areas  of  the  (unifoi'm)  section  of  the  vessel 
and  that  of  the  orifice,  supposed  horizontal,  wilh  no  forces  acting, 
but  a  uniform  pressure  on  the  upper  surface.  Connected  with 
the  last-mentioned  subject  there  is  an  interesting  and  elementary 
discussion  of  the  theory  of  the  "Vena  Contracta"  for  a  gravitating 
liquid,  the  orifice  being  in  the  side  of  the  vessel,  by  the  late  Mr. 
llaulon  ;  with  a  note  thereon  by  Clerk-3Iax\\cll  in  Lond.  3Iath. 
Soc.  Proc.  vol.  iii.  pp.   \.  •"). 
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Chiipters  II.  and  in.  deal  w  itli  some  of  the  simpler  cases  of  motion 
of  .solids  in  liquids.  Chapter  iv.  is  occupied  with  the  important 
siihjects  of  "Wave  Motion,"  and  "Stability  of  Fluid  Motion." 
"  llectilinear  Vortex  Motion  "  forms  the  subject  of  Chapter  T., 
ending  the  first  part  of  the  treatise,  which  occupies  about  five 
eighths  of  the  whole  book.  The  remaining  chapters — vi..  Intro- 
ductory, on  fSound  ;  vii.,  on  the  "  Vibrations  of  Strings  and  Mem- 
branes ;"  Tin.,  on  the  "  Flexions  of  Bars  ;  and  ix.,  on  the  "  Equa- 
tions of  Motion  of  a  Perfect  Gas," — are  mainly  the  more  elementary 
portions  of  vol.  i.  of  Lord  Eayleigh's  great  treatise.  With  this 
might  still  advantageously  be  read  (if  yet  procurable)  Sir  (r.  B. 
Airy's  '  Lectures  on  Sound,'  compiled  for  the  use  of  students 
of  the  same  mathematical  status  as  those  for  whoui  Mr.  Basset 
■writes,  at  a  time  when  their  wants  were  wholly  unprovided  for. 
This  manual,  published  in  18G8,  was  the  realization  of  a  wish 
expressed  to  the  author  by  the  late  Dean  Peacock  thirty  years 
previous  to  its  appearance.  In  fact  at  that  time  there  was  no 
separate  treatise  accessible  to  the  English  student  hut  Sir  J.  F.  W. 
Herschel's  article  (1830)  on  Sound,  in  the  Eacijdopmlia  Metropo- 
Utana. 

To  those  acquainted  with  Mr.  Basset's  larger  work  it  will  be 
needless  to  dilate  on  the  completeness  with  which  he  handles  the 
subjects  of  the  Elementary  treatise  as  far  as  pursued^an  article 
by  Lord  liayleigh  on  Bells,  as  recent  as  January  L'^90,  being 
drawn  upon ;  and  in  clearness  and  vigour  of  style  little  remains  to 
be  desired.  It  might  be  suggested,  perhaps,  that  the  frequent 
use  of  the  editorial  "  we,"  and  its  cases,  woulil  be  advantageously 
replaced  by  other  phrases,  more  in  accordance  with  modi^rn  habit, 
in  the  second  edition,  to  which  the  book  is  likely  ere  long  to  run. 
It  was  with  a  view  to  such  an  opportunity  of  revision  and  cor- 
rection that  the  remarks  in  the  earlier  parts  of  this  notice  were 
directed.  Otherwise  it  would  have  been  more  grateful  to  dwell 
on  the  numerous  excellences  of  the  work,  which  was  perhaps 
rather  hurried  through  the  press  to  fill  up,  as  soon  as  possible,  the 
want  it  was  the  Author's  object  to  meet. 

J.  J.  W. 

Notes  on  lYicjonometry  aitd  Lof/aritJivis.    Bij  the  Eev.  J.  M.  Eustace, 
M.A.     (London  :  Longmans,  1890.) 

This  is  a  \\*uk  composed  on  the  usual  lint  s,  the  text  of  which  is 
\ery  correctly  printed  :  there  are  of  course  slijis  here  and  there, 
but  we  need  not  specify  them  for  our  readers.  The  compiler's 
object  has  been  to  write  a  book  for  those  students  who  have  not 
the  advantage  of  a  "  coach,"  and  for  such  we  consider  he  has  made 
a  ca]iital  selection,  and  we  think  he  has  treated  his  subject  in  a 
manner  suitable  for  such  readers.  There  is  a  large  collection  of 
examples  taken  from  L^niversity  and  Civil  Service  Examination 
Papers.  Two  or  three  of  the  figures  are  incorrectly  drawn. 
Answers  to  the  Exercises  accompany  the  work. 
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The  Scientific  Papers  of  James  Cleek  Ma-XWElo.  Edited  by  W.  D. 
NiVEN,  M.A.,  F.E.S.  Two  Vols.,  -tto  :  Cambridge,  at  the 
University  Press. 

At  length  this  long-looked-for  memorial  work  has  appeared,  ia  two 
substantial  volumes,  and  will  be  welcomed  by  the  many  students 
of  Maxwell,  both  in  England  and  on  the  Continent,  to  whom  the 
earlier  papers  were  rather  inaccessible. 

There  are  some  odd  omissions  ;  for  instance,  there  is  nothing 
about  the  determination  of  the  B.A.  standard  of  resistance.  It 
may  be  regretted  also,  perhaps,  that  a  few  more  of  his  less  labo- 
rious contributions  to  science  are  not  included  in  the  collection,  for 
all  that  he  threw  off  was  brilliant  and  suggestive,  and  one  had 
hoped  for  something  like  a  complete  series  of  notes  of  his  Lectures 
at  Cambridge,  but  we  must  be  thankful  for  such  of  the  lighter  pro- 
ductions as  it  has  been  decided  to  include.  It  is  a  great  pity  when 
in  these  collected  works  nothing  but  the  solid  memoirs  are  inserted. 
These  of  course  must  appear,  but  they  are  necessarily  more  or  less 
known,  and  will  naturally  be  hunted  up  by  students  of  the  par- 
ticular branch;  but  the  multifarious  contributions  to  periodical 
literature  of  a  great  man  are  usually  of  far  more  than  ephemeral 
interest,  and  though  not  of  course  ranking  along  with  his  serious 
productions,  yet  are  very  helpful  and  suggestive,  and  are  extremely 
likely  to  get  overlooked  and  forgotten. 

A  real  memorial  volume  should,  we  think,  include  almost  all 
that  a  man  has  thought  it  worth  while  to  print,  unless  of  obviously 
only  temporary  interest ;  but  it  is  difficult  to  say  what  will  not  be 
interesting  to  posterity.  Even  a  selection  from  correspondence 
might  be  judiciously  included.  How  grateful  we  are  now  for  mere 
scraps  of  private  letters  from  Xewton.  Look  at  the  little  scrap 
thrown  off  to  his  friend  Dr.  Law,  accidentally  preserved,  and 
printed  in  '  Nature,"  May  12,  1881 :  to  the  eye  of  reverence  and 
affection  a  personal  glimpse  like  that  is  full  of  interest.  It  ia 
hard  for  contemporaries  to  realize  the  view  that  posterity  will  take 
of  the  relative  moment  of  the  works  of  a  man  of  genius.  Some- 
times a  few  brilliant  flashes,  now  not  quite  intelligible,  will,  in 
the  light  of  subsequently  acquired  knowledge,  be  even  more  highly 
appreciated  than  solid  work  that  has  become  a  semi-commonplace 
of  science.  It  is  for  posterity  that  memorial  volumes  are  largely 
intended,  and  from  its  point  of  view  should  they  be  regarded  by 
its  Editor. 

A  very  interesting  biographical  preface  by  the  Editor  opens  the 
first  volume,  which  contains  the  boyish  paper  on  Ovals,  some 
Optics,  the  theory  of  Colour  Perception,  the  paper  on  Lines  of 
Force,  and  the  great  memoirs  on  Saturn's  Kings  and  the  Dyna- 
mical Theory  of  the  Electromagnetic  Field. 

The  second  volume  contains  the  papers  on  Viscosity  and  general 
Kinetic  Theory  of  Gases,  the  determination  of  "  t',''  the  work  on 
Graphical  Statics,  other  matter   more  or  less  incorporated  in  the 
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'  Electricity  and  Mngnetism,'  and  a  great  number  of  articles,  lec- 
tures, and  reviews  ;  the  series  of  '  Encvc.  Brit.'  Physical  articles,  so 
far  as  life  permitted  them  to  be  written  by  JVJaxw ell's  pen,  being 
also  inserted.  It  would  have  added  to  the  interest  if  the  dates  had 
in  all  cases  been  affixed  to  the  different  memoirs,  but  they  seem 
arranged  in  f.'iirly  chronological  order. 

The  mere  titles  of  the  papers  carry  the  mind  over  a  large  part 
of  the  field  cultivated  in  recent  years  by  what  may  be  called 
"  flection  A,"  and  the  world  must  be  graieful  toihe  Clerk  Maxwell 
Memorial  Committee  and  the  Syndics  of  the  Uni\ersily  Press  for 
the  liberal  manner  in  which  the  work  has  been  carried  out. 

O.  J.  Lodge. 
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December  17,  1890.— W.  H.  Hudleston,  Esq.,  F.U.S., 
Vice-President,  in  the  Chair. 

THE  following  communications  were  read  : — 
1,  "On  Nepheline  Rocks  in  Brazil  —  II.  The  Tingua  Mass." 
By  0.  A.  Derby,  Esq.,  E.G.S. 

In  a  former  paper  the  general  distribution  of  the  nepheline  rocks, 
so  far  as  known,  was  given  with  a  particular  description  of  a  single 
one,  the  irierra  dc  Pocos  de  Caldas.  The  present  paper  treats  ot  a 
second  mass,  the  Serra  de  Tingua,  a  high  peak  of  the  Serra  do  Mar, 
some  forty  miles  from  Rio  de  Janeiro. 

The  pi-ak  is  essentially  a  mass  of  foyaitc  rising  to  an  elevation  of 
IGOO  metres,  on  the  crest  and  close  to  the  extremity  of  a  narrow 
gneiss  ridge  of  a  verj'  uniform  elevation  of  about  SOU  metres.  As 
seen  from  a  distance,  the  conical  outline  and  a  crater-like  valley  on 
one  side  are  verv  suggestive  of  volcanic  topograjihy.  In  the  stmc- 
ture  of  the  mass  both  massive  and  fragracntal  eruptives  ai'e  found, 
the  former  greatly  predominating. 

The  predominant  rock  is  a  coarse-grained  foyaite  which  is  found 
everywhere  in  loose  blocks  about  the  margins  of  the  mass,  but  not 
extending  beyond  it.  In  the  numerous  cuttiugs  in  the  immediate 
vicinity,  dykes  of  phonolite  and  basic  eruptives  (augitite)  are  ex- 
ceedingly abundant,  foyaite  never  appearing  in  a  d_\ke  form.  There 
is,  however,  abundant  evidence  that  foyaite  and  phonolite  are  but 
diilerent  phases  of  the  same  magma. 

Aside  from  the  dyke  phonolites,  true  eflusivo  ]ilionolites  associated 
with  fr.igniental  eruptives  (tutta)  were  found  high  up  in  the  crater- 
like  valley,  i)roving  that  the  mass  was  a  volcanic  centre  in  the  most 
restricted  sense  of  the  word. 

This  conclusion  alfords  an  explanation  of  some  of  the  peculiaritieji 
of  the  foyaite,  which  has  many  characteristics  of  etfusivc  cru])tive» 
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mingled  with  those  of  the  deep-seated  ones  (Teifengesteine).  These 
have,  aside  from  the  porphyritif  structure,  a  schlieren  structure  re- 
vealed by  a  peculiar  fluted  weathering;  (illustrated  by  a  photograph) 
and  the  presence  of  pseudo-crystals  in  the  form  of  Icucite. 

Stratigraphically  the  Tingua  foyaites  lie  in  sheet-like  masses  like 
lava-flows,  extending  from  the  higher  to  the  lower  j^ortions  of  the 
mountain,  the  underlying  gneiss  being  revealed  at  nearly  all  levels, 
wherever  the  mass  has  been  scored  by  streams.  The  general  frag- 
mentary character  of  the  rock  seems  to  be  due  to  the  undermining 
of  these  sheets. 

Specimens  and  photographs  illustrating  the  peculiar  pseudo- 
crystals  in  the  form  of  Icucite  that  occur  in  both  the  foyaites  and 
phonolites  of  Tingua  (although  no  leucite  has  been  detected  in  the 
rock)  were  exhibited  and  discussed. 

2.  "  The  Variolitic  Diabase  of  the  Fichtelgehirge."  By  J.  Walter 
Gregory,  F.G.S.,  of  the  British  Museum  (Xatural  History). 

The  author  has  examined  the  variolitic  diabases  in  the  neigh- 
bourhood of  Berneck,  and  adduces  evidence  of  their  having  been 
intruded  into  the  Devonian  rocks  before  the  latter  were  affected  by 
the  great  earth-movements  which  have  folded  the  palaeozoic  rocks  of 
the  district.  He  finds  that  the  variolitic  structure  occurs  in  two 
different  arrangements :  (a)  on  the  surfaces  of  spheroidal  masses  of 
compact  diabase,  which  are  comparable  with  those  of  Mt.  Genevre  : 
(6)  as  a  true  contact,-product  on  the  selvage  of  the  diabase,  the  latter 
being  comparatively  rare,  and  the  varioles  less  perfectly  developed. 

He  gives  proofs  that  the  varioles  are  true  spherulites,  and  not 
fragments  of  Devonian  rocks,  as  supposed  by  von  Giimbel.  He 
argues  that  though  they  are  the  product  of  rapid  cooling,  too  sudden 
a  solidification  of  the  diabase  may  prevent  their  formation,  and  that 
for  a  similar  reason  the  amygdaloidal  is  less  variolitic  than  the  com- 
pact diabase,  the  loss  of  the  water  that  occupied  the  vesicles  having 
diminished  the  fluidity  of  the  rock.  Finally,  he  maintains  that  the 
"  pseudo-crystallites  "  are  rifts  and  fissures  due  to  contraction,  and 
that  the  remarkable  optical  properties  described  by  Michel-Levy  are 
due  to  the  fiUing-up  of  cracks  by  felspathic  matter  deposited  in  optical 
continuity  with  the  crystalline  fibres  on  each  side. 

January  7,  1891. — Dr.  A.  Geikie,  F.R.S.,  President,  in  the  Chair. 

The  following  communications  were  read  :  — 

1.  "  On  the  North-west  Region  of  Charnwood  Forest,  with  other 
Notes."  By  the  Rev.  E.  Hill,  M.A.,  F.G.S.,  and  Prof.  T.  G.  Bonncy, 
D.Sc,  LL.D.,  F.R.S.,  Y.P.G.S. 

The  paper  contains  the  results  of  a  re-examination  of  the  North- 
west Region,  when  the  authors  had  the  advantage  of  using  the  six- 
inch  Ordnance-map,  published  since  the  completion  of  their  former 
work.  In  this  they  had  expressed  the  opinion  that  the  rock  of 
Peldar  Tor  and  that  of  High  Sharpley  were  somewhat  altered  pyro- 
clastics,  being  much  influenced  by  the  non-igneous  origin  asserted 


144  Geological  Society  : — 

for  the  "  porphyroids  "  of  the  Ardennes.  But  in  1882  one  of  them 
had  visited  this  region,  and  was  then  convinced  that  the  porphyroids, 
which  closely  resembled  the  rock  of  Sharpley,  were  felstones  which 
had  been  rendered  schistose  b}'  subsequent  pressure.  The  result  of 
their  subsequent  work  in  Charnwood  has  convinced  the  authors  that 
the  rocks  of  Sharpley  and  of  Peldar  Tor  are  in  the  main  of  a  like 
origin  and  history.  The  mass  of  iJardon  Hill,  where  the  quarries 
have  been  much  enlarged,  has  also  been  studied,  and  some  details  in 
the  section  formerly  published  have  been  corrected.  The  schistose 
bands,  on  which  the  authors  relied  as  marking  horizons  for  strati- 
graphical  purposes,  prove  to  be  zones  of  exceptional  crush.  The 
occurrence  of  a  rock  exactly  resembling  that  of  Peldar  Tor  is  fully 
established.  It  is  extremely  difficult  to  decide  upon  the  true  nature 
of  the  rocks  which  are  chiefly  worked  in  the  pit,  but  the  authors 
remain  of  opinion  that  for  most  of  them  a  pyroclastic  origin  is  the 
more  probable. 

Some  notes  are  added  upon  the  relations  of  the  holocrystalline 
igneous  and  the  sedimentary  rocks  of  the  Forest,  upon  the  Black- 
brook  group,  and  upon  the  fragments  and  pebbles  iu  certain  of  the 
coarser  ashy  deposits.  Some  remarks  are  made  upon  the  glacial 
phenomena  exhibited  in  the  Forest-region  ;  these  indicate  that 
this  cannot  have  been  overridden  by  a  great  northern  ice-sheet, 
and  it  does  not  afford  the  usual  signs  of  the  action  of  local  glaciers. 
At  the  same  time  it  has  been  a  centre  of  dispersion  for  erratics, 
especially  towards  the  south  and  south-west,  these  being  found 
sometimes  more  than  20  miles  away.  Hence,  in  the  opinion  of  the 
authors,  the  erratics  have  been  distributed  by  floating  ice  during  an 
epoch  of  general  submergence.  Some  minor  "corrigenda"  in  the 
earlier  papers  are  noted,  with  certain  changes  in  the  names  of 
localities,  bringing  them  into  harmony  Avith  the  six-inch  map. 

2.  "  Note  on  a  Contact-Structure  in  the  Syenite  of  Bradgate 
Park."     By  Prof.  T.  G.  Bonney,  D.Sc,  LL.D.,  F.R.S.,  Y.P.G.S. 

The  author  described  a  specimen,  obtained  at  Bradgate  Park, 
showing  a  junction  of  the  syenite  and  slaty  rock  of  Charnwood. 
The  latter  rock  is  very  slightly  altered  ;  the  former  exhibits  a 
number  of  grains  of  felspar  and  quartz  set  in  a  matrix  which  has 
now  a  "  trachytic,"  now  a  devil rified  structure.  He  traced  the 
former  into  the  "  micrographic "  structure  observed  generally  in 
these  syenites,  and  discussed  its  significance.  His  study  of  these 
structures  in  this  and  many  other  instances  led  him  to  infer  that 
they  generally  indicated  that  the  rock,  at  a  late  stage,  had  con- 
sisted of  a  mixture  of  previously  formed  crystalline  grains  and 
a  viscous  magma,  that  the  temperature  of  the  mass  had  been  com- 
paratively low,  that  it  had  cooled  rather  gradually,  and  that  the 
condition  of  the  magma — i.  e.  one  of  very  imperfect  tluiditv — had 
not  permitted  of  free  molecular  movements  among  its  constituents. 
Tims  this  structure,  together  with  certain  others  mentioned,  might 
be  rcgardi'd  as  iiulicative  ot  "crystallization  under  constraint." 
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3.  "  On  the  Unconformities  between  the  Rock-Systems  under- 
lying the  Cambrian  Quartzite  in  Shropshire."  By  Ch.  Callaway, 
D.Sc,  F.G.S. 

I.  Review  of  the  Evidence  for  the  respective  Ages  of  the  Uriconian 
and  Malvernian  Modes. 

The  author  criticises  the  conclusions  arrived  at  by  Prof.  Blake 
(Q,.  J.  (t.  S.  1890,  p.  386),  and  adduces  evidence  to  show:  — 

(1)  That  the  felsites  regarded  by  himself  as  Archaean  have  not 
been  shown  to  be  intrusive  in  Longmynd  Iiocks. 

(2)  That  it  has  not  been  proved  that  the  Longmynd  Series  is 
divisible  into  two  groups,  separated  by  an  unconformity  ;  and  that, 
therefore,  the  evidence  from  included  fragments  remains  unaffected. 

(3)  That  the  conglomerates  and  grits  associated  with  the  Uri- 
conian are  an  integral  ])art  of  that  system,  and  are  not  of  Cambrian 
age  ;  and  that  the  granitic  and  metamorphic  land-masses  from 
which  so  many  of  the  fragments  in  the  conglomerates  are  derived 
are  consequently  of  pre-Uriconian  age. 

(4)  That  the  granitic  rocks  of  Shropshire  are  not  intrusive  in  the 
Uriconian. 


II.   The  Relation  between  the  Uriconian  and  the  Longmyndian. 

Pending  the  publication  of  Prof.  Lapworth's  researches  upon  the 
fauna  of  the  Hollybush  Sandstone,  the  author  regards  it  as  hardly 
wise  to  assign  positively  a  pre-Cambrian  age  to  the  Longmyndian 
system. 

In  favour  of  an  actual  break  between  the  Uriconian  and  Long- 
myndian rocks,  he  gives  details  showing  the  general  discordance  of 
striiie  between  the  two  groups ;  the  locally  concordant  strikes  are 
seen  along  a  line  of  fault.  Furthermore,  as  the  junction  between 
the  two  groups  is  faulted,  this,  whilst  of  course  not  proving  an 
unconformity,  renders  incredible  the  hypothesis  of  conformity  and 
igneous  intrusion  along  the  line  of  junction.  Again,  the  conditions 
of  deposit  were  different:  the  Uriconian  is  essentially  a  volcanic 
formation,  whilst  the  Longmyndian  rocks  are  characterized  by  their 
even  sedimentation,  and  the  author  maintains  that  such  a  change  of 
conditions  must  indicate  a  break  in  time,  though  the  unconformity 
need  not  neccssarilj'  be  very  great. 

Lastly,  the  occurrence  of  fragments  of  Malvernian  granites  and 
schists  (formed  at  great  depths)  in  the  Uriconian  Conglomerates 
indicates  the  existence  of  an  unconformity  between  the  holocrystal- 
line  and  volcanic  systems. 
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CHANGES  OF  VOLUMES  OF  DIELECTRICS.       BY  D.  BOb. 

T^HE  first  of  the  three  chapters  into  which  the  work  is  divided 
-*-  treats  of  the  expansion  observed  by  Duter,  which  hollow 
glass  tubes  and  bulbs  show  when  they  are  charged  as  Leyden  jars. 
The  explanation  of  this  phenomenon  is  sought  for  by  Korteweg 
in  the  electrical  pressure  upon  the  sides  of  ihe  flask.  The  author 
finds  a  sufficiently  close  agreement  between  the  measurements 
made  by  Quincke  and  the  calculations  of  Korteweg,  if  the  magni- 
tudes occurring  in  the  formula — the  dielectric  constant,  the  differ- 
ence of  potential  of  the  coatings,  the  coefficient  of  elasticity,  atid  the 
thickness  of  the  glass — are  determined  with  sufficient  accuracy. 

The  experiments  of  Julius  and  Korteweg  witli  caoutchouc  tubes, 
which  show  the  influence  of  the  coefficient  of  elasticity  by  a  far 
greater  expansion  than  ji'ass  tubes  of  the  same  thickness,  are  given 
as  a  strong  reason  for  the  opinion  that  the  electrical  pressure  is  the 
chief  cause  of  the  expansion. 

A  small  part  is  ascribed  to  the  heating  of  the  dielectric. 

In  the  second  chapter  the  forces  which  occur  during  a  charge  of 
the  dielectric  are  calculated.  It  is  presupposed  that  with  a  relative 
contraction  {g)  of  the  dielectric  in  the  direction  of  the  lines  of 
force,  the  dielectric  constant  h  changes  into  1<:{l-\-Aag),  and  when 
the  contraction  is  at  right    angles    to  the    lines    of    force,  into 

If  F  is  the  electromotive  force  at  work  in  the  dielectric,  we  get 
in  the  direction  of  the  lines  of  force  a  tension  {h jS- +  a  j2)Y'^  on  the 
unit  of  surface,  and  at  right  angles  to  the  lines  of  force  a  pressure 
(Z;/8^-/3'2)^^_ 

The  author  gives  the  developments  of  these  expressions  given  by 
ITelinholtz  and  by  Lorberg,  and  compares  the  results  with  the  ex- 
periments of  Quincke  on  the  attraction  in  the  direction  of  the  lines 
of  force,  the  repulsion  at  ris^ht  angles  thereto,  and  the  change  of 
the  dielectric  constant  with  the  miignitude  of  the  electric  forces. 

It  is  laid  down  that  the  measurements  have  not  yet  attained 
such  great  accuracy  as  will  permit  of  a  and  /:5  being  determined. 

The  third  chapter  discusses  Quincke's  observations  of  the  ex- 
pansions and  contractions  of  dielectric  liquids  contained  in  a  kind 
of  voltameter  whose  plates  are  connected  with  the  poles  of  a 
charged  Leyden  jar. 

In  agreement  withEiJntgen  the  author  ascribes  these  changes  of 
volume  to  a  heating  of  the  liquid,  and  the  extremely  small  con- 
traction of  water  at  0°  to  the  very  small  negative  coefficients  of 
expansion,  and  to  the  great  speciflc  heat  of  water. 

AVitli  an  ajijiaratus  foundinl  on  Quincke's  the  author  finds  an 
expansion  vith  rape  oil,  and  also  with  almoml  oil,  where  Quincke 
found  a  contraction.  By  means  of  a  thermometer  it  was  further 
shown  that  on  charging  heat  is  jiroduced  bet\\(M>n  the  plates  which 
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follows  the  same  course  as  the  expansion,  and  is  of  the  same  order 
as  is  required  by  the  expansion. 

The  changes  of  volume  of  gases  are  treated  in  conclusion,  which 
Quincke  could  not  observe,  even  with  very  accurate  instruments, 
or  only  in  one  case  with  carbonic  acid.  The  author  doubts  the 
validity  of  the  calculation  made  by  Lippmann  (Mascart  andJoubert's 
'  Electricity,'  translated  by  Atkinson,  vol.  i.  p.  632)  on  the  basis  of 
the  principle  of  the  conservation  of  electricity,  which  gives  for 
carbonic  acid  40  times  as  great  a  contraction  as  that  found  by 
Quincke,  and  also  for  other  gases  contractions  which  Quincke 
could  not  have  overlooked. 

From  the  same  principle  the  author  deduces  that  ideal  gases 
could  not  show  any  change  of  volume. —  fnaujural  Dissertation, 
Groningen  ;  BeihTdtter  der  Physil-,  No.  11  (1890). 


THE  OPTICAL  USEFUL  EFFECT  OF  INCANDESCENT  LAMPS. 
BY  E.  BLATTNER. 

The  total  energy  imparted  to  an  incandescent  lamp,  and  in  a 
stationary  condition  radiated  by  it,  is  \  =  i'r.  This  energy  con- 
sists of  two  parts,  A^  and  A^,  which  correspond  to  the  radiation 
of  heat  and  liglit  respectively.  If  I  is  the  mechanical  equivalent 
of  heat,  and  \\\  and  W^  the  corresponding  quantities  of  heat, 
Aj  =  1  \\\  and  A.,  =  1 W,.  The  optical  useful  eliect  is  A,/A,  =  W,/\V„ 
and  Wo  =  W,4-\V''2.  The  author  determined  W^  by  placing  the 
incandescent  lamp  in  a  thin  copper  cylinder  blackened  on  the 
inside,  which  was  tilled  with  water  and  served  as  calorimeter,  and 
which  measured  the  rise  of  temperature.  W,  was  measured  by  an 
exactly  corresponding  glass  cylinder. 

In  order  to  measure  i  a  special  form  of  compass  was  used  in  front 
of  the  magnet ;  in  the  horizontal  plane  laid  through  tlie  two  poles 
of  the  magnet  a  wire  rectangle  was  laid  traversed  by  a  current  the 
sides  of  which  run  N.S.  and  E.W. ;  the  former  only  act,  and  in 
opposite  directions  ;  by  altering  the  distance  from  one  another 
and  from  the  magnet,  the  sensitiveness  may  be  regulated. 

If  u  is  the  angie  of  deflexion,  a  half  the  length  of  the  sides  of 
the  rectangle,  d^  and  d^  the  distance  from  the  magnet,  H  the 
horizontal  component  of  the  earth's  magnetism,  the  intensity  of  the 
current  is 

t=  —  tan  u,     C  = — ^-  — — -? — 

(J  (/j(rt- +  (/,-)       d.J^a'-\-d.;) 

The  difference  of  potential  was  measured  partly  by  shunting 
and  partly  with  the  condenser,  where  it  was  compared  with  10  Da- 
niells.  The  intensities  of  the  light  were  determined  in  standard 
candles  with  Bunseu's  photometer.  The  following  results  were 
obtained  : — 
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A„. 


Brightness, 
K. 


1.  Swan  lamp 


2.  Edison  lamp 


3.  liernstein  lamp.. 


4-895  10» 

6-719  lO'* 

7-623  10'' 

8-560  10'' 

5-818  10^ 

7-409  10^ 

9259  10'* 

11-208  10^ 

12-289  10^ 

16163  lO'* 

18-895  10^ 

23  905  10'' 


0023 
0028 
0-036 
0052 

0-036 
0-()42 
0-0f)2 
0U85 

0042 
006."^ 
0  073 
0-099 


2-62 

9  24 

13-24 

20  60 

4-01 

8-29 

16-98 

28-(55 


The  values  deduced  from  the  experiments  show  that  incandescent 
lamps  exhibit  somewhat  different  deportment  as  regards  con- 
ductivity. While  the  Swan  lamp  with  a  briphtness  of  20  candles 
gives  an  optical  useful  effect  of  5  per  cent.,  Edison  and  Bernstein 
lamps  give  for  the  same  luminosity  an  effect  of  7  per  cent. 

The  optical  useful  effect  of  all  the  lamps  increases  with  the 
temperature.  With  the  highest  temperature  of  incandescence, 
this  can  be  raised  to  10  per  cent.  With  the  normal  temperature 
of  ignition,  when  the  luminosity  is  that  near  16  candles,  it  does 
not  exceed  5  to  6  per  cent.  ;  tliat  is,  of  the  total  electrical  energy 
used  for  working  the  incandescent  lamp  only  5  to  6  per  cent,  is 
available  for  illumination.  The  rest  in  the  form  of  obscure 
radiation,  amounting  to  94-95  per  cent.,  is  lost  as  far  as  light  is 
concerned. — Inaugural  Dissertation,  Zurich  ;  Beihlattcr  der  Physik^ 
No.  11,  1890.  

ON  THE  CONDUCTIVITY  OF  SNOW.       BY  S.  A.  HJELTSTRlJil. 

From  the  great  importance  in  nature  of  the  thermal  deportment 
of  the  snow  layer,  the  author  made  experiments  on  the  daily 
variations  of  the  temperature  at  different  depths  in  the  snow,  ia 
order  to  calculate  therefrom  the  thermal  conductivity  of  snow. 
The  bulbs  of  the  thermometers  were  at  a  depth  of  1,  11,  21,  and 
31  centim.  below  the  surface  of  the  snow.  The  snow  near  the 
thermometers  was  protected  against  the  direct  rays  of  the  sua  by 
a  bank  of  snow  on  the  south.  The  weather  unfortunately  did  not 
allow  of  series  of  observations  being  carried  on  for  a  long  time. 

Taking  the  specific  heat  of  snow  as  equal  to  that  of  ice,  0*50,  and 
for  its  density  the  value  determined  on  the  spot  by  the  author, 
0-183,  the  absolute  conducting-power  may  be  determined  from 
Angstrom's  formula  to  be 

002G9,     0-0343,     0-0302,     Mean  0-0304, 
the  units  being  C.G.S.     The  conductivity  of  snow  is  accordingly 
about  one  seventh  that  of  moist  clav  (0-226). —  CEfvert.  Act.  Stoclc- 
hohn,  xlvi.  p.  669  (1889);   BeibUittn-  dcr  Phusil-,  vol.  xiv.  p.  1196. 
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XXI.  On  the  Illustration  of  the  Properties  of  the  Electric  Field 
by  Means  of  Tubes  of  Electrostatic  Induction.  By  J.  J. 
Thomson,  M.A.^  F.R.S.,  Cavendish  Professor  of  Eayeri- 
mental  Physics,  Cambridge  *. 

I  HAVE  attempted  in  the  following  pages  to  develop 
a  method  of  expressing  the  various  processes  which 
occur  in  the  electric  field  in  terms  of  changes  in  the  form  or 
position  of  tubes  of  electrostatic  induction  which  are  assumed 
to  be  distributed  throughout  the  iield,  in  the  hope  that  it  may- 
help  the  student  to  obtain  a  physical  interpretation  of  results 
which  are  perhaps  too  frequently  regarded  as  entirely  ex- 
pressed by  equations.  Methods  such  as  this,  of  materializing, 
as  it  were,  mathematical  conceptions,  seem  to  have  a  use  even 
where,  as  in  the  case  of  Electricity,  the  analytical  theory  is 
well  established  ;  for  any  method  which  enables  us  to  form  a 
mental  picture  of  what  goes  on  in  the  electric  field  has  a 
freshness  and  a  power  of  rapidly  giving  the  main  features  of 
a  phenomenon,  as  distinct  from  the  details,  which  few  can 
hope  to  derive  from  purely  analytical  methods.  Experience 
has,  I  think,  shown  that  MaxwelFs  conception  of  electric 
displacement  is  of  somewhat  too  general  a  character  to  lend 
itself  easily  to  the  formation  of  a  conception  of  a  mechanism 
which  would  illustrate  by  its  working  the  processes  going  on 
in  the  electric  field.  For  this  purpose  the  conception  of 
tubes  of  electrostatic  induction  introduced  by  Faraday  seems 
to  possess  many  advantages.  If  we  regard  these  tubes  as 
having  a  real  physical  existence,  we  may,  as  I  shall  endeavour 
*  Communicated  by  the  Author. 
PhiLMig'^^.  5.! Vol.  31.  No.  190.  Mar.  1891.  N 
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to  show,  explain  the  various  electrical  processes, — such  as  the 
passage  of  electricity  through  metals,  liquids,  or  gases,  the 
production  of  a  current,  magnetic  force,  the  induction  of 
currents,  and  so  on, — as  arising  from  the  contraction  or  elonga- 
tion of  such  tubes  and  tlieir  motion  through  the  electric 
field. 

We  might,  as  we  shall  see,  have  taken  the  tubes  of  mag- 
netic force  as  the  quantity  by  which  to  express  all  the  changes 
in  the  electric  field  ;  the  reason  I  have  chosen  the  tubes  of 
electrostatic  induction  is  that  the  intimate  relation  between 
electrical  charges  and  atomic  structure  seems  to  point  to  the 
conclusion  that  it  is  the  tubes  of  electrostatic  induction  which 
are  most  directly  involved  in  the  many  cases  in  which 
electrical  charges  are  accompanied  by  chemical  ones. 

We  mav  regard  the  method  from  one  ])oint  of  \new  as 
being  a  kind  of  molecular  theory  of  electricity,  the  properties 
of  the  electric  field  being  exjdained  as  the  ett'ects  produced 
by  the  motion  of  multitudes  of  tubes  of  electrostatic  induc- 
tion ;  just  as  in  the  molecular  theory  of  gases  the  properties 
of  the  gas  are  explained  as  the  result  of  the  motion  of  its 
molecules. 

As  the  principal  reason  for  expressing  the  effects  in  terms 
of  the  tubes  of  electrostatic  induction  is  the  close  connexion 
between  electrical  and  chemical  properties,  we  shall  begin  by 
considering  at  some  length  the  connexion  between  these 
tubes  of  electrostatic  induction  and  the  atoms  of  bodies. 

We  assume,  then,  that  the  electric  field  is  full  of  tubes  of 
electrostatic  induction,  that  these  are  all  of  the  same  strength, 
and  that  this  strength  is  such  that  when  a  tube  falls  on  a 
conductor  it  corresponds  to  a  negative  charge  on  the  con- 
ductor equal  in  amount  to  the  charge  which  in  electrolysis 
we  find  associated  with  an  atom  of  a  univalent  element. 

These  tubes  must  either  form  closed  circuits  or  they  must 
end  on  atoms,  any  unclosed  tube  being  a  tube  connecting  two 
atoms.  In  this  respect  the  tubes  resemble  lines  of  vorticity  in 
hydrodynamics,  as  these  lines  must  either  be  closed,  or  have 
their  extremities  on  a  boundary  of  the  fluid. 

We  may  suppose  that  associated  with  these  tubes  of  electro- 
static induction  there  is  a  distribution  of  velocity,  both  in 
themselves  and  in  the  surrounding  iether,  antl  that  the  energy 
due  to  this  motion  of  the  nu'dium  constitutes  the  energy 
which  is  distributed  throughout  the  electric  Held.  In  addi- 
tion to  there  being  this  energy  in  the  medium,  the  incidence 
of  a  tube  of  force  on  an  atom  may  modify  the  internal  motion 
of  the  atom,  and  thus  alter  its  energy,  so  that,  in  addition  to 
the   eneriiv   in  the  field,  there  mav   be   a   certain  amount   of 
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energy  due  to  the  alteration  in  the  motion  of  the  atoms  ;  this 
may  be  repi'esented  by  the  addition  to  the  ordinary  expres- 
sion for  the  energy  of  a  term  w  for  each  atom  on  which  a 
unit  tube  falls,  — w'  for  each  atom  wliich  a  tube  leaves  ;  we  sliall 
suppose  that  to  depends  on  the  nature  of  the  atom,  that  it  is 
not  the  same  for  zinc  as  for  copper  and  so  on.  The  existence 
of  this  energy  will  produce  the  same  effect  as  if  the  atoms  of 
different  substances  attracted  electricity  with  different  degrees 
of  intensity  :  this  is  tlie  assumption  made  b}'  von  Helmholtz, 
and  it  has  been  shown  by  him  to  be  sufficient  to  account  for 
contact  electricity. 

The  ends  of  an  unclosed  tube  of  induction  are  places  wliere 
electrification  exists,  and  therefore  are  always  situated  on 
matter.  According  to  our  view^,  the  ends  of  a  tube  of  finite 
length  are  on  free  atoms  as  distinct  from  molecules,  the 
atoms  in  the  molecule  being  connected  by  a  short  tube  whose 
length  is  of  the  order  of  the  molecular  distance.  On  this 
view,  therefore,  the  existence  of  free  electricity,  whether  on 
a  metal,  an  electrolyte,  or  a  gas,  always  denotes  the  existence 
of  free  atoms.  The  production  of  electrification  must  be 
accompanied  by  chemical  dissociation,  the  disajipearance  of  it 
by  chemical  combination  ;  changes  in  electrification  are  on 
this  view  always  accompanied  by  chemical  changes.  This  was 
long  thought  to  be  a  peculiarity  of  the  passage  of  electricity 
through  electrolytes,  but  recent  experiments  seem  to  show  that 
it  is  also  the  case  when  electricity  passes  through  gases. 
Thus,  for  example,  those  gases  which  conduct  readily  when 
hot  are  those  which  dissociate  when  heated,  and  are  thus 
undergoing  chemical  changes  when  the  electricity  passes 
through  them.  Again,  it  is  known  that  the  passage  of  elec- 
tricity through  many  gases  causes  chemical  changes  to  take 
place — the  production  of  ozone  is  the  most  familiar  instance 
of  this,  but  there  are  a  multitude  of  others.  Lastly,  R.  v. 
Helmholtz  and  Richarz  have  found  that  when  electricity 
passes  through  a  gas,  a  steam-jet  in  the  neighbourhood  is 
influenced  in  the  same  way  as  it  is  when  free  atoms  are  pro- 
duced by  chemical  changes.  All  these  results  seem  to  point 
to  the  conclusion  that  the  passage  of  electricity  through  gases 
is  accompanied  by  changes  in  the  pairing  of  the  atoms  of  the 
Sas.  Althonoh  we  have  no  such  direct  evidence  of  the  same 
effect  when  electricity  passes  through  metals,  it  must  bo 
borne  in  mind  that  direct  evidence  in  this  case  is  very  much 
more  difficult  to  obtain,  and  there  are  many  reasons  for  taking 
the  view  that  the  passage  of  electricity  through  metals  is 
performed  in  much  the  same  way  as  it  is  through  electrolytes 
and  gases. 
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We  will  begin  by  considering  how  metallic  conduction 
differs  from  electrolytic.  In  the  first  place,  as  the  tempera- 
ture increases  the  conductivity  of  electrolytes,  as  a  general 
rule,  increases,  while  that  of  metals  diminishes.  This  rule 
is  not,  however,  without  exceptions  :  there  are  cases  in  which, 
though  the  conduction  is  not  usually  supposed  to  be  electro- 
lytic, the  conductivity  increases  as  the  temperature  increases. 
Carbon  is  a  striking  instance  of  this,  and  quite  lately  Feussner 
has  prepared  alloys  of  manganese  and  copper  whose  con- 
ductivities show  the  same  peculiarity.  These  exceptions  are 
sufficient  to  show  that  increase  of  conductivity  with  the  tem- 
perature is  not  a  sufficient  test  to  separate  electrolytic  from 
metallic  conduction. 

If  we  regard  the  passage  of  electricity  through  a  body  as 
essentially  bound  up  with  chemical  changes,  it  tloes  not  seem 
surprising  that  an  increase  in  temperature  may  produce 
opposite  effects  on  the  conductivities  of  two  substances,  even 
though  in  both  cases  the  conduction  was  effected  by  changes 
in  the  pairings  of  the  atoms.  For  the  action  of  an  increase 
of  temperature  has  a  two-fold  effect  on  the  processes  which, 
on  this  view,  accompany  electric  conduction.  In  the  first 
place,  it  may  promote  the  splitting  up  of  the  molecules  into 
atoms  which,  on  this  theory,  forms  one  part  of  the  process  of 
conduction  ;  but,  on  the  other  hand,  after  the  molecules  are 
split  up  it  retards  their  reunion,  which  forms  another  part  of 
the  process.  And,  again,  an  increase  in  the  temperature 
increases  the  distance  between  the  molecules,  and  this  will 
also  retard  the  rate  at  which  chemical  interchange  takes 
place.  The  fact  that  the  metals  are  solids  is  no  reason  why 
the  conductivity  through  them  should  not  be  electrolytic  in 
its  nature,  for  there  are  many  instances  of  solid  electrolytes  ; 
thus  Lehmann  has  shown  that  electrolysis  takes  place  through 
a  crystal  of  silver  iodide  placed  between  silver  electrodes 
without  any  change  being  perce})tible  in  the  shape  or  size  of 
the  crystal,  though  it  was  watched  through  a  microscope 
whilst  the  current  was  passing. 

With  regard  to  the  a]ipearance  of  the  products  of  chemical 
decomposition  at  the  electrodes,  we  could  not  expect  to  get 
any  evidence  of  this  in  the  case  of  the  elementary  metals  ;  the 
case  of  alloys  se(Mns  more  ho])efnl  :  but  Professor  Roberts 
Austen  has  examined  several  alloys  through  which  a  powerful 
current  luul  been  passed  without  detecting  any  difference  in 
the  composition  of  the  alloy  at  the  terminals.  This  restdt 
does  not,  however,  seem  to  me  to  prove  that  the  conduction 
was  not  electrolytic ;  for  some  alloys  are  little  more  than 
mixtures,  whilst  others  behave  as  if  they  were  solutions  of  one 
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metal  in  another  ;  and  in  neither  of  these  cases  could  we 
expect  to  get  any  change  in  the  composition  of  the  alloy  at 
the  electrodes.  We  could  only  expect  to  find  this  when  we 
used  an  alloy  in  which  the  connexion  between  the  constituents 
could  be  regarded  as  of  such  a  definite  character  that  in  the 
molecule  of  the  alloy  one  metal  could  be  regarded  as  the 
positive,  the  other  as  the  negative  element.  The  alloys  used 
by  Prof.  Roberts  Austen  do  not  seem  to  have  been  of  this 
character.  The  reasons  which  account  for  the  absence  of 
change  in  the  constitution  of  the  alloy  at  the  electrodes  will 
also  account  for  the  absence  of  polarization. 

Though  the  electrical  conductivities  of  the  metals  are  enor- 
mously greater  than  those  of  electrolytes,  there  does  not  seem 
to  be  any  abrupt  change  from  the  conductivity  in  cases  where 
it  is  manifestly  electrolytic,  such  as  fused  lead  chloride,  to 
those  in  which  it  is  not  recognized  as  being  of  that  nature,  as 
in  carbon.  The  following  table,  giving  the  electric  conduc- 
tivity of  some  substances,  will  show  this  : — 

Silver 63 

Mercury 1 

Gas-carbon 1  x  10"^ 

Tellurium •  4  x  10"* 

Fused  lead  chloride      ....  2  x  10"" 

There  is  a  greater  disproportion  between  the  thermal  con- 
ductivities of  silver  and  cement  than  there  is  between  the 
electrical  conductivities  of  mercury  and  fused  lead  chloride ; 
but  no  one  argues  that,  on  tliis  account,  the  method  by  which 
heat  is  propagated  in  silver  is  essentially  different  from  that 
by  which  it  is  propagated  in  cement. 

It  is  also  suggestive  that  the  substances  which  are  inter- 
mediate in  their  chemical  properties  between  the  metals  and 
the  non-metals,  such  as  phosphorus,  selenium,  and  tellurium, 
possess  properties  with  regard  to  metallic  conduction  inter- 
mediate between  those  of  metals  and  electrolytes, — thus,  as 
shown  by  W.  Siemens,  the  resistance  of  some  of  the  modifi- 
cations of  selenium  increases  with  the  temperature,  while  that 
of  other  modifications  diminishes, — and  that  some  of  the  modi- 
fications seem  to  show  polar  effects, — thus,  when  one  electrode 
is  large  and  the  other  small,  the  current  is  greater  when  the 
large  electrode  is  negative  than  when  it  is  positive.  The 
changes  in  the  chemical  properties  of  the  substance  seem  to 
proceed  step  by  step  with  the  changes  in  their  behaviour  with 
regard  to  electrical  conduction. 

If  we  accept  the  electromagnetic  theory  of  light,  we  have 
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an  iidditional  reason  for  supposin;^  that  the  processes  con- 
cerned in  metallic  conduction  are  the  same  as  those  in  electro- 
lytic. For  the  opacity  of  thin  metal  films  is  enormously  less 
than  that  theory  would  indicate,  if  the  conductivity  of  the  film 
for  the  very  rapid  electrical  vibrations  which  constitute  light 
were  the  same  as  for  steady  currents.  In  this  respect  the 
metals  behave  very  much  like  electrolytes,  for  these  act  as 
dielectrics  to  the  light  vibrations  and  as  conductors  for  steady 
or  oscillating  currents,  provided  the  period  of  vibration  is  very 
much  greater  than  that  of  the  light-vibrations.  On  the  view 
we  have  taken  of  metallic  conduction,  since  the  process  of  disso- 
ciation and  recombination  takes  a  finite  time,  if  the  polarization 
is  reversed  in  less  than  this  time,  the  old  polarization  will  not 
have  had  time  to  disappear  before  the  new  is  superposed,  and 
the  metal  will,  under  these  circumstances,  behave  more  like 
an  insulator  than  a  conductor. 

We  can  easily  find  an  expression  for  the  time  T  taken  by  a 
tube  of  electrostatic  induction  to  disappear  (that  is,  to  contract 
to  a  length  comparable  with  that  between  the  atoms  of  a 
molecule).  Let  E  be  the  electromotive  intensity  at  any 
point,  K  the  specific  inductive  capacity  of  the  medium  ;  then 
the  number  of  tubes  of  electrostatic  induction  passing  through 
unit  area  is  ^ 

Since  T  is  the  time  taken  by  one  tube  to  disappear,  the 
number  of  tubes  which  disappear  in  the  conductor  in  imit 
time  is  KB/47rT  ;  the  nimiber  of  tubes  which  disaj)pear  in 
unit  time  is  equal,  however,  to  the  current  c  through  unit 
area.     Hence  ^p, 

''"47rT* 

Thus  47rT/K  is  the  specific  resistance  a  of  the  conductor  ; 
hence,  if  {K}  be  the  electrostatic  measure  of  K,  we  have 

„,  _  K         a 

477  y  X  UP' 

The  following  table  contains  the  values  of  T/K  for  a  few 
substances  : — 

Silver l-oxlO->'^ 

Lead 1-8  X  \()-^^ 

Water  with  S-3  i)er  cent,  of  HaSO^    .     S'l  x  IQ-i^ 

The  value  of  K  for  anything  like  a  good  conductor  has 
never  been  measured  ;  but  since  substiinccs  which  show  the 
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least  trace  of  conductivity,  J^ucli  us  water  or  alcohol,  have 
specific  inductive  capacities  ranging  from  70  to  100,  it  is 
prohahle  that  for  good  conductors  K  is  exceedingly  large. 
If,  however,  its  value  for  metals  were  no  greater  than  that  for 
ch'stilled  water,  the  time  required  for  the  disappearance  of  a 
tube  of  force  would  be  comparable  with  the  time  of  vibration 
of  a  light-wave  ;  so  that  the  conductivity  would  be  much 
smaller  for  these  waves  than  for  steady  currents. 

We  may  picture  to  ourselves  the  tubes  of  electrostatic 
induction  shortening  in  a  conductor  in  some  such  way  as  the 
following  : — Let  us  take  the  case  of  a  condenser  discharging 
through  the  gas  separating  its  plates.  Then,  before  discharge, 
we  have  a  tube  stretching  from  an  atom  0  on  the  positive 
plate  to  another  atom  P  on  the  negative  one.  The  molecules 
AJ3,  CD,  ...  of  the  intervening  gas  will  be  polarized  by  the 
induction,  the  tubes  of  force  connecting  the  atoms  in  these 
molecules  pointing  in  the  negative  direction  ;  as  the  strength 
of  the  field  increases  the  tube  in  the  molecule  AB  will 
lengthen  and  bend  towards  the  tube  OP,  until  when  the  field 
is  sufficiently  strong  the  molecular  tube  runs  up  into  the 
tube  OP.  The  tubes  then  break  up  into  two  tubes  OA  and 
PB,  and  the  tube  OA  shortens  to  molecular  dimensions. 
The  result  of  this  operation  is  that  the  tube  PO  has  shortened 
to  PB,  and  the  atoms  0  and  A  have  formed  a  molecule.  This 
process  is  then  continued  from  molecule  to  molecule  until  the 
tube  PO  has  contracted  to  molecular  dimensions.  Instead  of 
the  tube  PO  jumping  from  molecule  to  molecule,  several 
molecules  may  form  a  chain  and  be  affected  at  once  ;  in  this 
case  the  tube  would  shorten  by  the  length  of  the  chain  in  the 
same  time  as  on  the  previous  hypothesis  it  shortened  by  the 
distance  between  two  molecules. 

The  remarkable  agreement  between  the  values  of  the 
velocity  of  the  ions  as  calculated  by  Hittorf  and  Kohlrausch 
and  those  found  by  Prof.  Lodge  in  the  experiments  described 
in  the  British  Association  Report,  1887,  makes  it  essential 
that  an}'  theory  of  conduction  through  electrolytes  should  lead 
to  the  same  expressions  for  the  ionic  velocities.  According  to 
the  preceding  theory  of  conduction,  if  the  molecules  of  the 
electrolyte  form  chains  between  the  electrodes,  the  sum  of  the 
distances  traversed  by  the  anion  and  cation  each  time  the  tube 
of  electrostatic  induction  breaks  down  is  r/,  where  ^  is  the  dis- 
tance between  two  molecules  of  the  electrolyte  measured  along 
a  tube  of  induction.  If  the  tube  breaks  down  n  times  a  second, 
the  sum  of  the  distances  traversed  by  the  ion  and  cation  in  one 
second  is  nd  ;  so  that,  if  it  and  v  are  the  velocities  of  the  anion 
and  cation  respectively,     w  +  r  =  nd. 
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If  6  is  the  charge  on  one  of"  the  atoms  of  the  electrolyte, 
7/1  the  number  of  molecules  per  unit  of  area  of  a  plane  in  the 
electrolyte  parallel  to  the  electrodes,  then,  when  the  molecules 
are  polarized,  the  charge  per  unit  area  on  the  end  of  the  chain 
of  molecules  is  me ;  this  equals  the  surface-density  on  the 
electrodes  KE/47r,  where  E  is  the  electromotive  intensity  and 
K  the  specific  inductive  capacity  of  the  electrolyte.     Hence 

me  =  -7—  hi. 
47r 

If  c  be  the  conductivity  of  the  electrolyte,  N  the  number  of 
molecules  in  unit  volume,  we  have 

--—  n  =  c,     in  =  N(^. 
47r 

Making  these  substitutions,  we  find 

cE 

which  is  the  same  as  the  expression  for  the  sum  of  the 
velocities  given  by  Kohlrausch.  The  ratio  of  the  velocities 
will  follow  exactly  the  same  way  from  the  migration-data 
whichever  theory  we  adopt ;  so  that  there  is  nothing  in 
Prof.  Lodge's  confirmation  of  Kohlrausch's  expressions  for 
the  velocity  of  the  ions  inconsistent  with  the  theory  of  con- 
duction we  are  describing. 

We  will  now  leave  the  consideration  of  the;  behaviour  of 
these  tubes  in  conductors,  and  proceed  to  discuss  their  pro- 
perties when  moving  through  the  dielectric. 

Let/,  g,  h  denote  the  number  of  unit  tubes  parallel  to  the 
axes  of  X,  y,  z  respectively — in  other  words,  the  components 
of  the  electric  displacement ;  and  let  us  suppose  that  these 
tubes  are  moving  with  the  velocity  7i,  r,  to  parallel  to  the 
axes  of  coordinates. 

Let  us  consider  the  increase  in  the  number  of  tubes  parallel 
to  .^•  which  occurs  in  a  time  ht  in  an  element  of  volume 
dx,  dy,  dz. 

The  increase  due  to  the  passage  of  the  tubes  across  the 
faces  of  the  element  is 

-^'  {L  ^>^  +  ly  ^f'^  +  i  ^^''^Y'  '^^  ^"- 

The  increase  due  to  the  deformation  of  the  tubes  inside 
the  element  is 


Properties  of  the  Electric  Field.  157 

The  rate  of  increase  in  the  number  of  tubes  parallel  to  x  is 
thus 

.  du        du  .  ,  du      (  d  ,  .  ^  ,   d  /  J-  \  ,    <^■/r\^. 

which  may  be  written  as 

d.         J..      d,,       J   .         (df     dg     dh\^ 

df     dg     dh  _ 
dx     dy     dz       "' 

p  being  the  density  of  the  free  electricity. 

Hence  dfldt,  the  rate  of  increase  in  the  number  of  tubes 
parallel  to  x^  may  be  written  as 

f  =  Jy  ^^''  -^'^ -i  (^^~ ^^^)  -^^' 
and  similarly 

ft  =  i  ^'^  -  ^^^)  -^.(^^-^)  -  ^?, 

Tt  ^dx^"'^-''^''>-Ty  ^''^'-"'^'>  -""P- 

■n   .     '         df ,  da  dh  , , 

Jout  smce  -^-tup,   ■-~  +  vp,  -j-  +wp   are  the  components  of 

the  current  parallel  to  x,  y,  z,  we  have,  if  a,  /S,  7  are  the 
components  of  the  magnetic  force, 


,    /dh  ,       \       d/3      dec 


Hence  we  may  regard  the  moving  tubes  of  electrostatic 
induction  as  producing  a  magnetic  force  whose  components 
a,  /3,  7  parallel  to  the  axes  of  x,  y,  z  are  given  by 

a  =s  4'7r  {hv  —gw),    '] 

^  =  ^7r  iftc-hu),      i (1) 

y  =  4:Tr(gu  —fv).     J 

In  other  words,  a  moving  tube  of  electrostatic  induction 
may  be  regarded    as    producing  a  magnetic  force  at  right 
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angles  both  to  itself  and  the  direction  in  which  it  is  moving, 
and  whoso  magnitude  is  A-tt  times  the  strength  of  the  tnbe 
n)ulfi[)]ied  by  its  velocity  at  right  angles  to  its  direction. 
The  diicction  of  the  force  is  such  that  the  magnetic  force 
and  lotation  from  the  direction  of  motion  to  that  of  the  tube 
are  related  like  translation  and  rotation  in  a  right-angled 
screw. 

Let  us  first  consider  the  case  where  all  the  tubes  are  moving 
with  the  same  velocity  in  a  field  whose  magnetic  permeability 
is  unity. 

The  energy  in  the  magnetic  field  per  unit  volume  is 

or  substituting  for  a,  ^,  7  their  values  from  (1), 

'lir\{Jw  -giof+  (/„_/„,)  2+  {(ju-fvY\ . 

Ihe  momentum  U  per  unit  volume  parallel  to  x  is  the 
differential  cceflScient  of  this  expression  with  respect  to  u,  i.  e. 

^"^  {9(9^^  ~P) — KA^  -  '"0  \  J 

Similarly,  if  V,  W  are  the  components  of  the  momentum 
parallel  to  y  and  z,  we  have 

V  =  //a-/7, 


Thus  the  momentum  per  unit  volume  ])ossessed  by  the 
moving  tube  is  at  right  angles  to  the  tube  and  to  ihe  magnetic 
force  ])roduced  by  it,  and  ecpuds  the  product  of  the  strength 
of  the  tube  and  the  magnetic  force. 

The  electromotive  intcn>ity  parallel  to  ./■  produced  by  the 
moving  tube  can  be  got  by  differentiating  the  expression  for 
the  Kinetic  Energy  with  respect  to  /";  in  this  way  we  obtain 
the  following  expressions  for  X,  Y,  Z,  the  components  of  the 
electromotive  intensitv : — 


X  =  ir/3  —  ry,    \ 

Y  =  i,y-wu,     } (3) 

I 


Z  =  (•« —  /// 


Thus  the  electrciniolive  intensity  ]roc!ueed  by  the  motion  of 
tlie  tulie  is  ecjual  to  the  produet  of  the  velocity  of  the  tube  and 
the  magnetic  torce  jiroduced  by  it,  and   is  at   right  angles  to 
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both  the  direction  of  motion  of  the  tube  and    the  magnetic 
force  produced  by  it. 

From  equation  (3)  we  see  that 

dZ     dY         da.         da         /d/3     dy\   ,       /do     dw\      ^du        da 
or,  since 


we  have 


—  +  ^  +  ^-^  =  0 
dx      dy       dz         ' 


rfZ     <n        d  ,     .       d  ,     ^       d  ,      .        du     ^r/M        du 
dy      dz        dx  ^     '      dy       "^      dz^  dx        dy        dz 

du 
The  right-hand  side  of  this  equation  is  equal  to  — j,  the 

rate  of  diminution  in  the  number  of  tubes  of  magnetic  force 
parallel  to  the  axis  of  x. 
Hence,  since 

^{Xdx  +  Ydy  +  Zdz) 

taken  round  a  closed  circuit  is  equal  to 

jJ{'{|-S)-'"(§-i)-'CS-f)}"«' 

taken  over  any  surface  entirely  surrounded  by  the  circuit,  if 
I,  in,  n  are  the  direction-cosines  of  the  normal  to  the  surface, 
we  see  by  (4)  that  the  line-integral  of  the  electromotive  force 
taken  round  a  closed  circuit  is  equal  to  the  rate  of  diminution 
of  the  number  of  lines  of  magnetic  force  passing  through  the 
circuit. 

Collecting  these  results,  we  see  that  a  tube  of  electrostatic 
induction  when  in  motion  produces  (I)  a  magnetic  force  at 
right  angles  to  the  tube  and  the  direction  of  motion,  (2)  a 
momentum  at  right  angles  to  the  tube  and  the  magnetic  force 
produced  by  it,  (3)  an  electromotive  intensity  at  right  angles 
to  the  direction  of  motion  of  the  tube  and  the  magnetic  force 
produced  by  it. 

The  momentum  and  the  electromotive  intensity  are  thus 
both  in  the  plane  containing  the  direction  of  the  tube  and  its 
velocity  ;  the  first  of  these  is  at  right  angles  to  the  tube,  the 
second  to  the  velocity. 

We  have  hitherto  only  considered  the  case  of  one  tube,  or 
rather  of  a  set  of  tubes,  moving  with  a  common  velocity.  We 
can,  however,  without  difficulty  extend  these  results  to  the 


(4) 
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case  where  we  have  any  number  of  tubes  moving  with  any 
velocities. 

Let  us  suppose  we  have  the  tubes/ij^gfi,  Aj  moving  with  the 
velocities  Wj,  v-i,  Wj,  the  tubes  f^,  g^,  h^  moving  with  the  velo- 
cities 112,  ^2)  ^^'2)  ynfl  so  on.  Then  the  rate  of  increase  in  the 
number  of  tubes  in  the  element  is 

This  may  be  written  as 

i-  t  {gu-fv)  -j_  2  (fw-hu)  -  tup. 

Hence  we  see,  as  before,  that  the  collection  of  tubes  may  be 
regarded  as  producing  a  magnetic  force  whose  components 
a,  /3,  7  arc  given  by 

a  =  47r  S  {hv—giv),  ) 

/3  =  A7rt{fiv-hu),  I (5) 

y  =  4.7rt(cfu-fv).    j 

The  kinetic  energy  T  per  unit  volume  due  to  the  motion  of 
these  tubes  is 


or 


27r  [{  t  (hv-gtv)  p+  \t  0-/m)[^+  \X  {gu-fv)}-']. 


Thus  the  momentum  parallel  to  d-  of  the  tube  with  suffix  (1) 
dT/dui 

=  47r{^i  S  {gu-fv)-h^  t  ijw-hu)  } 

=  9x1— h^- 

Thus  tl;e  components  U,  V,  W  of  the  momenta  parallel  to 
the  axes  of  x,  y,  z  respectively  are  given  by  the  equations 

V  =  r^tg-^th,  \ 

Y=uSh-y^/,     [ (6) 

Thus,  when  we  have  a  number  of  tubes  moving  about,  the 
resultant  nionientuni  at  any  point  is  ]i(M-pendicular  to  both  the 
resultant  magnetic  force  and  the  resultant  electric  displace- 
ment, and  is  equal  to  the  product  of  these  two  quantities  into 
the  sine  of  the  an<>le  between  them. 
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The  electromotive  intensity  X  parallel  to   the  axis  of  .r  is 
equal  to  the  mean  of  dT/df. 
Hence 

X  =  47r(iyS  {fw — hu)  —  uX  (gu  —fv)  )  ^ 

=  {^^i^fi^)  V     .     .     (7) 

=  /3m7 — 7?;.  3 

Similarly,  if  Y  and  Z  are  the  components  parallel  to  the 
axes  of  y  and  z,  we  have 

Y=7M — uw, 
Z=uv—0u, 

where   a   bar  placed  over  any    quantity    indicates    that    the 
mean  value  of  the  quantity  is  to  be  taken. 

Thus,  when  a  system  of  tubes  of  electrostatic  induction  is 
in  motion,  the  electromotive  intensity  is  at  right  angles  both 
to  the  resultant  magnetic  force  and  the  mean  velocity,  and 
is  equal  to  the  product  of  these  two  quantities  into  the  sine  of 
the  angle  between  them. 

From  the  preceding  equations,  we  see  that  if  we  have  a  great 
number  of  positive  and  negative  tubes  moving  about,  if 
the  positive  tubes  move  in  one  direction  and  the  neo-ative 
ones  in  the  opposite,  there  will  be  a  resultant  magnetic  force, 
but  if  there  are  as  many  positive  as  negative  tubes  in  each 
unit  of  volume,  there  will  be  no  resultant  momentum  ;  and  if 
there  are  as  many  moving  in  one  direction  as  the  opposite, 
there  will  be  no  resultant  electromotive  intensity,  due  to  the 
motion  of  these  tubes.  We  see  then  that  when  the  electro- 
magnetic field  is  in  a  steady  state,  the  motion  of  the  tubes  of 
electrostatic  induction  in  the  field  will  be  a  kind  of  shearino" 
of  the  positive  past  the  negative  tubes,  the  positive  tubes 
moving  at  one  direction,  and  the  negative  at  an  equal  rate  in 
the  opposite.  When,  however,  the  field  is  not  in  a  steady 
state,  this  ceases  to  be  the  case,  and  then  the  electromotive 
forces  due  to  induction  are  developed. 

We  get  from  equation  (7), 

dZ      dY       d  .     ^,d        ^  ,   d.      .      f    da  ^   -.dH        du\ 

^-s=r^  (""> + d-i,  (") + £('™)  -['di  +^dy  +•>•./:)< 

since 

^  +  ^+^7  =  0 
dx      dy      dz 

If  we  suppose  the  magnetic  lines  of  force  to  be  moving  with 
the  velocities  u,  v,  ic,  the  right-hand  side  of  this  equation 
represents  the  rate  of  diminution  of  a. 
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When  the  tubes  of  electrostatic  induction  enter  a  conductor, 
their  ends,  as  we  have  seen,  get  attached  to  atoms  of  the  con- 
ductor, and  the  momentum  of  tlie  tube  gets  transferred  to  the 
conductor.  Let  us  consider  a  small  portion  of  a  conductor 
conveying  a  current,  the  area  of  the  ])ortion  being  so  small 
that  we  may  consider  the  magnetic  force  over  it  to  be  con- 
stant.    The  momentum  ])arallel  to  x  of  a  tube  entering  it  is 

(•r/-///3; 

thus  the  momentum  parallel  to  x  which  enters  the  element  in 
unit  time  is 

JJ^{  {gy-h/3)  {In  +  mv  +  nw)dS, 

where  ^S  is  an  element  of  the  surface  of  the  element,  and  /, 
m,  n  the  direction-cosines  of  the  normal  to  this  surface.  The 
above  expi-ession  may  be  written  in  the  form 

7  fJS^i/  {hi  +  mv-\-mc)}  dS—^^^t{h(hi  +  mv  +  nw)]dS. 

Now 

^^X{g(lu  +  mv  +  niv)dii, 
and 

r  r^{  /<(/?<  +  mv  +  niv)d^ 

are  the  number  of  tubes  of  force  |)arallel  to  .r  and  y  respec- 
tively which  enter  the  element  in  unit  time,  that  is,  tht-y  are 
the  components  q  and  r  of  the  current  parallel  to  y  and  z 
respectively.  Thus  the  momentum  parallel  to  x  communi- 
cated in  ujiit  time  to  the  conductor,  in  other  words,  the  force 
])arall('l  to  .v  acting  on  the  conductor,  is  equal  to 

yq—^r. 

Similarly,  the  forces  parallel  to  ?/  and  c  are  respectively 

ur  —  yp, 
/3/>  —  a<j. 

These  are  the  ordinary  expressions  for  the  force  acting  on  a 
conductor  carrving  a  current  in  a  magnetic  field. 

When,  as  in  the  above  investigation,  we  regard  the  force 
on  a  conductor  cariving  a  current  as  due  to  the  tubes  of 
electrostatic  induction  which  enter  the  circuit  giving  uj»  their 
momentum  to  it,  the  oi'igin  of  the  force  between  two  currents 
vill  be  very  much  the  same  as  that  of  the  attraction  between 
two  bodies  on  Le  Sage's  theory  of  gravitation.  Thus,  for 
example,  let  us  take  the  case  of  two  straight  j)arallel  currents. 
A  and  J),  llowing  in  the  same  direetion,  and  let  us  suftpose  that 
A  is  to  the  left  of  B  ;  then  more  tubes  of  ibree  will  enter  A  tVoin 
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the  left  than  from  the  right,  because  some  of  those  which  wouM 
have  come  from  the  right  if  B  had  been  absent  will  be  absorbel 
by  B;  thus  in  nnittiine  more  momentum  having  the  direction 
of  left  to  right  will  enter  A  than  that  having  the  o[)[)Osite 
direction  ;  thus  A  will  move  towards  the  right,  that  is,  to.vards 
B,  while  for  a  similar  reason  B  will  move  towards  A. 

We  have  now  shown  that  we  can  explain  the  properties  of 
the  electromagnetic  field  if  we  suppose  that  throughout  that 
field  tubes  of  electrostatic  induction  in  rapid  motion  are  dis- 
tributed, and  that  we  can  obtain  the  ordinary  equations  of  the 
electromagnetic  field  if  we  start  with  the  principle  that  the 
line-integral  of  the  magnetic  force  round  a  closed  curve  is 
equal  to  the  rate  of  increase  of  the  number  of  tubes  of  electro- 
static induction  passing  through  that  curve. 

We  shall  now  proceed  to  discuss  some  special  problems  by 
the  light  of  this  theory.  The  first  we  shall  take  is  that  of  a 
sphere  charged  with  electricity,  and  moving  with  the  velocity 
IV  parallel  to  the  axis  of  z.  When  things  have  reached  a 
steady  state,  we  may  suppose  that  the  sphere  and  the  tubes  of 
electrostatic  induction  emanating  from  it  move  like  a  solid 
body:  we  shall  now  consider  the  effect  produced  by  pushing 
these  tubes  of  force  through  the  aether.  Thus,  if  a,  /S,  7  are 
the  components  of  the  magnetic  force  at  any  point,  /',  g,  h 
those  of  the  electric  dis[)lacement  at  the  same  point,  we  have, 
by  equation  (1), 

a=  — A^TTwg, 

0=4:7rwf, 

7=0. 

If  Xi,  Yi,  Z,  are  the  components  of  the  electromotive 
intensities  due  to  the  motion  of  the  tubes  of  electrostatic  in- 
duction, we  have,  by  equation  (3), 

Zi  =  0. 

The    total    electromotive    intensity,    whose    components   are 
X,  Y,  Z,  will  be  given  by  the  equations 

ax 

1  —  —wx p-, 

en/ 

Z-  ^^^. 

where  yjr  is  a  function  which  we  must  proceed  to  determine. 


we  get 
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Substituting  the  above  values  for  a.  and  /9,  and  remembering 
that 

Y      47r         ^      477  v      47r 

47r ,  rf^Ir 

K^^=  --^- 

Putting  1/K  =  V2,  where  V  is  the  velocity  of  light  through 
the  dielectric,  and  remembering  that 


we  get 
which,  if 


dx      dy      dz 
da^  "^  dy-^  ^  \       VV  dz^  ~    ' 


2l  = 


may  be  written  as 

The  solution  of  which  is 

._  A 


Since 


And  since 


47r  dz 


when  the  integration  is  extended  over  a   sphere  of  radius  a 
concentric  with  the  moving  sphere,  and  e  is   the   charge  on 
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that  sphere,  substituting  the  values  of/,  g,  h  in  this  equation 
in  terms  of  i/r  we  find,  if  lojY  <  1, 

Thus  the  electrostatic  potential  ^  is  given  by  the  equation 


1^= 


.t-2  4-/  + 


V2; 


Thus  the  tubes  of  induction  are  no  longer  uniformly  distributed, 
but  are,  in  consequence  of  the  electrical  inertia,  crowded 
towards  the  region  in  proximity  to  the  equatorial  plane  of  the 
sphere,  where  the  displacements  do  not  vary  so  quickly  as 
along  the  axis. 

The  displacements  are  radial  and  are  given  by 

/_  9  _h_  e 1 

Tlie  components  a  and  yS  of  the  magnetic  force  are  given  by 
_  eivy  1  


{- 


„2- 


f;}  l^'+y'+ 


V2, 


/S= 


ewx 


(i-i-:)'A"+/+ 


(See  Heaviside,  Phil.  Mag.  April  1889  ;  J.J.Thomson,  Thil. 
Mag.  July  1889.^ 

The  momentum  in  the  medium  is  at  right  angles  to  the 
displacement  and  the  magnetic  force,  and  is  therefore  at 
right  angles  to  the  radius  in  the  plane  containing  tlus  radius 
and  the  direction  of  motion;  its  magnitude  per  unit  volume  is 
by  equation  (2), 


2  J_  ,,2 


w         er  x^-\-y 


Let  us  now  sujipose  that  the  sphere  is  mo^^ng  in  a  uniform 
Phil.  Macf.  S.  5.  Vol.  31.  No.  190.  Mar.  1891.  O 
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field  of  maornetic  force,  where  ilie  components  of  the  ext'^rnal 
maf^netic  force  are  a,,,  (So,  y^,  tlie  momentum  per  miit  volume 
parallel  to  x  is 

gyo  —  h{^Q  + Attic/)  ; 

the  rate  at  which  this  momentum  enters  a  sphere  concentric 
with  the  moving  sphere  is 


jji  yy,-h(^,  +  A7ni:f)}zwd^, 


where  d^  is  an  element  of  the  surface  of  the  sphere  whose 
radius  is  r.    Integrating  this  we  get 

^    \       \y\w^     ^tv^     ==  {Y—w)/ 

this  is  the  increase  in  momentum  per  unit  time,  and  therefore 
measures  the  force  on  the  space  inside  the  sphere.  It  will  be 
noticed  that  this  vanishes  when  Y  =  iv  :  thus  a  charged  sphere, 
moving  with  the  velocity  of  light  through  a  magnetic  field, 
will  not  be  acted  upon  by  any  force.  We  may  regard  the 
force  on  the  sphere  as  arising  in  the  following  wav.  Let  us 
suppose  that  we  have  a  uniform  magnetic  field  parallel  to  t/, 
then,  in  consequence  of  this  external  magnetic  force,  the 
closed  tubes  of  electrostatic  induction  will  be  moving  about 
in  the  field,  the  positive  tubes  going  one  way  and  the  nega- 
tive ones  the  opposite.  Let  us  consider  what  happens  when 
one  of  these  tubes  gor^s  through  the  sphere.  If  /9]  and  /So  ^^^ 
the  values  of  the  magnetic  force  where  it  respectively  enters 
and  leaves  the  sphere,  the  momentum  of  the  tube  parallel 
to  ,r  when  it  enters  the  s[)here  is  proportional  to  j3^,  and 
when  it  leaves  the  sphere  to  ^2-  Now  ^i  and  ySj  are  ditt'erent 
because  on  one  side  of  the  sphere  the  magnetic  force  due  to 
the  motion  of  the  sphere  acts  in  the  same  direction  as  the 
external  magnetic  force,  but  on  the  other  side  of  the  sjdiere 
it  acts  in  the  opposite  (lir(>ction.  Thus  the  momentum  of  the 
tube  ])arallel  to  ,v  is  not  the  same  when  it  leaves  the  sphere 
as  before  it  entered,  so  that  the  space  inside  the  sphere  must 
have  gained  or  lost  momentum. 

The  second  case  we  shall  consider  is  that  of  the  magnetic 
field  around  a  circular  current  of  large  radius.  Then  near  a 
portion  of  this  circuit,  which  we  may  consider  straight,  the 
tubes  of  electrostatic  induction  will  ])e  jiarallel  to  the  circuit 
and  moving  radially,  the  positive  tubes  {i.e.  those  parallel  to 
the  direction  of  the  current)  moving  inwards,  the  negative 
ones  outwards  :  the  positive  tubes  move  in  to  the  conductor 
and  then  contract  in  the  manner  ])reviously  described.     The 
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motion  of  the  positive  tubes  is  the  same  as  that  given  by 
Prof.  Poynting  in  the  Philosophical  Transactions,  1884, 
I^art  1,  p.  350. 

In  those  parts  of  th(>  field  where  there  is  no  resultant 
electromotive  intensity  there  will  be  as  many  positive  as 
negative  tubes  in  the  field,  and  when  the  field  is  steady  the 
positive  ones  will  flow  as  fast  in  one  direction  as  the  negative 
ones  in  the  opposite.  Let  us  consider  a  region  close  to  the 
circuit  wdiich  we  may  here  consider  straight ;  let  li  be  the 
sum  of  the  strengths  of  the  positive  tubes  in  a  unit  of  the 
area  at  right  angles  to  the  current,  u  their  radial  velocity,  li 
the  sum  of  the  strengths  of  the  nei-ative  tubes,  u^  their  radial 
velocity.  Then  in  unit  time  the  number  of  positive  tubes 
flowing  in  plus  the  number  of  negative  ones  flowing  out  of  any 
cylinder  coaxial  with  the  wire,  must  equal  i  the  intensity  of 
the  current.  If  r  is  the  radius  of  such  a  cylinder,  the  number 
of  positive  tubes  flowing  in  in  unit  time  is  hn  x  2Tr/',  the 
nund)er  of  negative  ones  flowing  out  li'u'  x'lirr  ;  hence  we 
have 

{hn  +  h'ii)27rr  =  i. 

But  by  equations  (5) 

47r(/m  +  /i'M)=/3, 

if  yS  is  the  magnetic  force  at  the  surface  of  the  cylinder ;  as 
this  is  at  riuht  angles  both  to  the  direction  of  the  tubes  and 
also  to  their  velocity,  it  will  be  tangential  to  the  cylinder 
and  at  right  angles  to  the  current.  From  these  equations  we 
find 

r 

the  usual  expression  for  the  magnetic  force  close  to  a 
current. 

The  radial  momentum  inwards  ='^h^  =  ^Sh,  hence  the 
radial  momentum  carried  across  unit  area  of  the  cylinder  in 
unit  time 

=  /3X/m, 

47r" 
The  electromotive  intensity  due  to  the  motion  of  the  tubes  of 
electrostatic  induction  is 

and  is  at  right  angles  both  to  the  magnetic  force  and  the 
direction  of  motion  of  the  tubes,  so  that  in  the  neighbourhood 
of  the  current  it  will  be  parallel  to  the  current.     When   the 

0  2 
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field  is  in  a  steady  state  we  liave  the  positive  tnhes  moving  with 
equal  velocity  but  in  the  o})posite  direction  to  the  ne^rative 
ones;  in  this  case  Sw  — <>,  and  there  is  no  electromotive  force 
due  to  the  motion  of  the  tube.  When  the  current  is  first 
started  the  positive  tubes  move  in  before  the  negative  ones 
begin  to  move  out,  so  that  in  this  case  2w  is  positive,  and 
hence  the  electromotive  force  is  negative,  /.  e.  in  the  opposite 
direction  to  the  current.  When  the  current  is  suddenly 
stopped,  the  inward  flow  of  tubes  is  stopped,  but  the  out- 
ward one  continues  for  some  time  ;  in  this  case  2w  is  negative 
and  the  electromotive  force  is  therefore  positive,  i.  e.  in  the 
direction  of  the  original  current. 

We  shall  now  consider,  from  the  point  of  view  of  this  theory, 
experiments  such  as  those  made  by  Jtowiand  on  the  magnetic 
efi'eets  produced  by  the  rotation  of  ehictrified  disks.  Let  us 
consider  a  parallel  plate-condenser  rotating  with  an  angular 
velocity  g)  about  its  axis,  which  we  shall  take  as  the  axis  of  z. 
Let  h  be  the  electric  displacement  parallel  to  z',  then  the  com- 
ponents of  the  magnetic  force  due  to  the  motion  of  the  tubes 
whose  ends  are  on  the  plates  of  the  condenser  are  given  by 

a  =  47r<B.r/!, 
/S=47r(yy/t, 
y  =  0. 

These  values  do  not  satisfy  the  solenoidal  condition 

dx      cly     dz 

So  that  inside  the  condenser  we  must  have,  in  addition  to  the 
motion  of  those  tubes  which  end  on  the  plates  of  the  con- 
denser, a  system  of  closed  tubes  in  motion  such  that,  while 
they  do  not  alter  the  electric  disjilacement,  they  alter  the 
magnetic  force.  Thus  we  must  have  ])0sitive  tubes  moving 
in  one  direction  and  an  equal  number  of  negative  ones 
moving  in  the  opposite.  If  the  motion  of  these  tubes  were 
confined  to  the  inside  of  the  condenser  there  would  be  no 
magnetic  force  outside  the  condenser,  as  the  tubes  of  electro- 
static induction  outside  are  then  all  at  rest,  and  it  would  follow 
that  in  this  case  there  would  be  no  magnetic  force  outside  or 
inside.  As  this  is  not  consistent  with  the  results  of  Howland's 
ex])eriments,  we  shall  suppose  that  these  closeil  tubes  pass 
right  through  the  condenser,  their  motion  being  continuous 
from  the  inside  to  the  out.  The  magnetic  force  due  to  the 
motion  of  these  tubes  will  therefore  be  continuous  as  we  cross 
the  pliites  of  the  condenser,     hi  consequence,  however,  of  the 
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motion  of  the  tubes  which  have  their  ends  on  the  plates  oi  the 
condenser,  a.  and  /3  increase  respectively  by  Aircoxh  and 
Airwyh  as  we  cross  one  plate  and  decrease  by  the  same 
amount  as  we  cross  the  other.  Thus  the  conditions  by  which 
a,  /S,  7  are  determined  will  be  that,  excej)t  in  tlu^  plates  of"  the 
condenser,  the}'  are  derived  from  a  j)otential,  that  they  every- 
where satisfy  the  solcnoidal  condition,  that  7  is  continuous, 
while  a  and  /?  increase  by  ^ttooIuv,  -iiircoliy  respectively  as  we 
cross  a  plate  of  the  condenser.  Hence  this  distribution  of  mat(- 
netic  force  is  exactly  what  would  be  produced  if  we  supposed 
that  each  moving"  charge  e  of  electricity  produced  the  same 
effect  as  a  current  core,  where  r  is  the  distance  of  the  charge 
from  the  axis  of  rotation. 

Hitherto  we  have  only  considered  non-magnetic  substances. 
We  shall  now  proceed  to  discuss  the  differences  which  occur 
when  the  tubes  of  electrostatic}  induction  are  moving  through 
iron  or  some  other  magnetic  substance. 

If  a,  b,  c  are  the  components  of  the  magnetic  induction, 
a,  ^,  7  those  of  the  magnetic  force,  the  energy  in  unit 
volume  is 

^{au  +  b^  +  cry), 

OTT 

and  if  the  magnetism  is  entirely  induced  and  /*  is  the  mag- 
netic permeability,  this  equals 

From  this  expression  fur  the  kinetic  energy  we  can  deduce 
the  components  of  momentum  and  electromotive  intensity  due 
to  a  moving  tube  of  electrostatic  induction  in  the  same  way 
as  we  deduced  equations  (2)  and  (3).  Doing  so,  we  find  for 
U,  V,  W,  the  comjjonents  of  momentum,  the  expressions 

U=/i((7y  — A^)  =gc  —  hb, 
Y  =  /jL{hcc—f'y)  =ha—fc, 
Vi  =  Kf^-gcc)=/b-ga. 

And  for  X,  Y,  Z,  the  components  of  the  electromotive  force 

X  =  /u,  {wfi  —  ^7)  =  wb  —  vc, 
Y=fi(uy — wa)  =ac — Tea, 
Z  =  fjL{vcx. — M)8)  =va—Tib. 

Thus  when  a  tube  of  electrostatic   induction  is  moving  with 
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the  same  velocity  through  places  of  given  magnetic  force, 
the  momentum  it  possesses  and  the  electromotive  force  it 
produces  are  proportional  to  the  magnetic  permeability  of  the 
substance  through  ^vhich  it  is  moving.  Hence  the  expres- 
sions for  the  mcchunical  force  on  a  conductor  conveying  a 
current,  and  tlio  electromotive  force  arising  from  electro- 
magnetic induction,  which  we  have  deduced  for  non-magnetic 
substances,  will  be  true  for  magnetic  ones  if  we  replace  the 
magnetic  force  by  the  magnetic  induction. 

When  the  tubes  are  moving  through  a  field  partly  occupied 
by  iron,  since  the  inertia  of  the  tubes  on  the  iron  is  very 
much  greater  than  in  the  air,  the  flow  of  the  tubes  through 
the  field  will  be  aftected  by  the  iron  in  nmch  the  same  way 
as  the  flow  of  a  current  of  electricity  would  be  affected  if 
the  air  were  replaced  by  a  good  conductor  of  electricity  and 
the  iron  by  a  bad  one. 

We  shall  now  consider  some  problems  in  which  iron  is  in 
the  field,  selecting  two-dimensional  ones,  as  in  these  we  avoid 
as  much  as  possible  ])urely  mathematical  difficulties. 

Let  us  first  take  the  case  when  an  infinitely  long  cylinder 
whose  axis  is  at  right  angles  to  the  plane  of  the  paper  is 
introduced  into  a  uniform  magnetic  field,  the  lines  of  force 
being  parallel  to  the  plane  of  the  paper  and  horizontal.  The 
tubes  of  electrostatic  induction  which  are  perpendicular  to 
the  ])lane  of  the  paper  were  before  the  introduction  of  the 
iron  moving  vertically.  When  the  bar  is  introduced  they 
will  avoid  it,  and  will  spread  out  so  that  their  jjaths  are  like 
the  lines  of  equipotential  surfaces  wliich  are  given  for  this 
case  in  plate  xv.  of  Maxwell's  'Electricity  and  Magnetism;' 
the  lines  of  magnetic  force  which  are  at  right  angles  to  the 
lines  of  flow  of  the  tubes  will  therefore  be  the  lines  of  force 
iiiven  in  that  fi<rure. 

Let  us  now  consider  the  conditions  which  must  be  fulfilK'd 
at  the  surface  separating  iron  from  air  in  the  general  case 
when  the  field  is  not  assumed  to  be  uniform.  If  K  is  the 
velocity  normal  to  this  surface  of  a  tube  of  strength  h,  then 
1S/<U  nuist  be  continuous  as  we  cross  the  surface,  otherwise 
there  would  be  an  accumulation  or  the  reverse  of  tubes  at 
the  surface.  Now  -iTr^^/di  is  the  tangential  magnetic  force; 
thus  the  tangential  magnetic  force  must  be  continuous  as  we 
cross  the  surface.  Again,  the  momentum  parallel  to  the 
surface  of  a  tube  will  not  be  altered  as  it  crosses  the  surface. 
The  momentum  of  the  tube  before  crossing  the  surface  is  hp, 
if  p  is  the  normal  magnetic  force  in  air;  after  crossing  the 
surtace  it  is  /'/i/3i,  if  pi  is  the  normal  magnetic  lorce  in  the 
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iron  :  hence,  since  the  tangential  nionienitum  is  constantj 

In  other  words,  the  normal  induction  is  constant.  Hence 
we  have  arrived  at  the  usual  boundary  conditions  lor  the 
lines  of  magnetic  force. 

The  intensity  of  magnetization  at  the  surface  is 

where  t  and  f,  are  the  tangential  velocities  of  the  tubes  in 
air  and  iron  respectively. 

That,  from  this  point  of  view,  magnetization  corresponds 
to  a  discontinuity  in  the  tangential  velocity  of  the  tubes  of 
electrostatic  induction. 

We  can  easily  prove  from  this  consideration  that  if  the 
lines  of  flow  of  the  tubes  coincide  both  inside  and  outside  the 
cylinder  with  those  due  to  a  solid  cylinder  moving  vertically 
through  an  incompressible  fluid,  the  distribution  of  magnetic 
force  will  be  that  produced  by  the  cylinder,  if  uniformly  mag- 
netized in  the  horizontal  direction. 

We  have  not  hitherto  determined  the  velocity  with  which 
the  tubes  of  electrostatic  induction  are  moving.  We  may, 
however,  easily  do  this  when  the  electromotive  intensity  is 
entirely  due  to  the  motion  of  the  tubes.  For,  in  this  case  X, 
the  X  component  of  the  electromotive  intensity,  is  given  by 
the  equation 

=  47r/x \  io(iof—  uh)  —  V  [ug  —  vh)  \ , 

=  47r/^{  (a^  +  v^  +  n'-)/-  (( [uf+  vij  +  xch)  \ , 

with  similarly  expressions  for  Y  and  Z. 
Since 

4-77  , 


„     47r         „      47r          „ 

we  see 

u^+i-  +  w-  =  ^^, 

and 

Zlf+  VQ  +  ?t'A  =  0. 

Hence,  in  this  case,  the  tubes  are  moving  through  the  medium 
at  right  angles  to  themselves  with  the  velocity  of  light. 
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XXII.   On  the  Measurement  of  Dielectric  Constants  hy  means 
of  Hertz  Oscillations.     Bj  Ernst  Lecher*. 

THERE  can  be  no  doubt  that  the  agreement  demanded  by 
Maxwell's  theory  between  the  dielectric  constant  and 
the  square  of  the  refractive  index  does  not  hold  good  in  the 
majority  of  cases  ;  and  therefore,  if  we  still  wish  to  regard 
Maxwell's  theory  as  true,  disturl)ing  secondary  ])henoniena 
arise  which  alter  the  value  of  the  dielectric  constant  as  or- 
dinarily determined.  In  the  case  of  perfect  insulators — 
whose  number  is,  however,  very  small — a  satisfactory  agree- 
ment has  already  been  found  ;  but  \Wth  less  perfect  insulators 
the  discrepancies  are  very  considerable.  Now  Schiller  f  has 
shown  that  for  some  substances  the  dielectric  constants, 
measured  with  a  very  short  time  of  charge,  fulfil  Maxwell's 
condition  more  nearly  than  in  experiments  with  statical 
electricity.  Moreover,  the  experiments  and  theoretical  con- 
siderations of  Colin  and  Arons  %  seem  to  point  to  an  increase 
of  dielectric  constants  with  time  of  charge.  The  idea  there- 
fore suggests  itself  that  the  agreement  with  Maxwell's  theory 
only  holds  for  the  case  of  an  extremely  short  time  of  charge. 

kStai^ting  with  similar  ideas,  J.  J.  Thomson  §  has  measured 
some  dielectric  constants  by  the  aid  of  Hertz  oscillations. 
More  recently,  without  any  knowledge  of  Thomson's  work, 
I  have  carried  out  almost  identical  experiments.  As,  how- 
ever, my  results  differ  from  those  of  Thomson,  I  venture  to 
communicate  them. 

I  found,  to  wit,  that  in  the  case  of  four  substances  which 
I  investigated,  the  dielectric  constant  calculated  from  the 
capacity  in  the  simple  manner  about  to  be  described  not  only 
did  not  sink,  but  actually  became  greater,  when  Hertz 
oscillations  were  used. 

Although  I  have  used  the  term  "  dielectric  constant,"  this 
is  really  not  quite  accurate.  I  have  only  compared  capacities 
with  each  other,  in  which  either  air  or  the  sul)stance  to  be 
investigated  was  placed  between  the  plates.  Consequently 
in  my  results,  in  addition  to  dielectric  action,  we  have  con- 
duction, residual  charge,  and  other  unknown  errors  creeping 

•  Translated  from  "Wiedemann's  Annakn,  vol.  xlii.  p.  142  (Jan.  1891), 
by  James  L.  Howard. 

t  Schiller,  IVipg.  Ann.  clii.  p.  536,  1874. 

i  E.  Cohn  and  L.  Arons,  Wied.  Ann.  x.wiii.  p.  454,  1886,  and  xxxiii. 
p.  13,  1888. 

§  J.  J.  Thomson,  Proc.  Roy.  Soc.  xlvi.  p.  292,  1889. 
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into  the  calculation.  It  might  have  been  expected  that  these 
secondary  effects,  conduction,  &c.  would  be  entirely  eliminated 
by  the  rapidly  alternating  charges  of  a  Hertz  oscillation  ;  it 
appears,  however,  that  even  with  such  extremely  short  times 
of  charge  the  secondary  effects  still  increase  the  value  of  the 
dielectric  constant,  and  indeed  in  a  greater  degree  than  before  ; 
provided,  of  course,  that  we  assume  the  truth  of  Maxwell's 
hypothesis. 

I  have  investigated  two  solid  bodies,  ebonite  and  glass,  and 
two  liquids,  ])etroleum  oil  and  water,  by  means  of  three  dif- 
ferent methods.  The  times  of  charge  were  0"5,  5  x  10"*,  and 
3  X  10 ~**  seconds  respectively. 

Experiments  with  Hertz  Oscillations. 

In  a  previously  ])ublished  paper  on  the  study  of  phenomena 
of  electric  resonance  *,  I  have  already  given  a  full  investi- 
gation of  all  the  conditions  necessary  in  measurements  by  this 
method.  In  the  present  experiments  exactly  the  same 
apparatus  was  used.  In  two  parallel  wires  (fig.  1)  st  and  s't\ 
31  centim.  apart,  and  each  of  length  1122  centim.  (represented 
in  the  figure  by  broken  Hnes),  electric  oscillations  are  excited 

Fi-.  1. 


in  a  known  manner  by  the  oscillatory  charging  of  condensers 
AB  and  A'B'  by  means  of  a  spark  F.  From  the  ends  of  the 
two  parallel  (leading)  wires  t  and  t'  two  flexible  copper  wires, 
each  of  length  69'7  centim.,  lead  to  two  circular  condenser- 
plates,  each  of  radius  R=l)'68  centim.:  these  latter  can  be 
moved  parallel  to  each  other  by  the  aid  of  a  micrometer- 
screw.  On  bridging  over  the  heading  Avires  at  certain  places 
with  a  metal  slider,  the  vacuum-tube  gg'  begins  to  glow. 
Every  alteration  of  the  capacity  at  the  end  of  the  wires  dis- 
places the  ventral  segment  of  the  oscillation,  and  the  slider 
must  therefore  be  brought  to  a  new  position  in  order  to  make 
the  tube  glow  once  more. 

I  next  measured  very  exactly  the  wave-length  of  a  few- 
oscillations  with  air  alone  between  the  condenser-plates.  After 
this,  the  condenser-disks  were  screwed  apart,  and  the  sub- 
stance to  be  investigated  placed  betv/eeu  them.      By  a  few 

•  Lecher,  Wied.  Ann.  xci.  p.  SoO,  1890. 
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rough  preHminary  experiments  the  approximate  relation  be- 
tween the  position  of  the  ventral  segment  and  the  distiince 
apart  of  the  plates  was  found,  and  then  the  position  of  the 
ventral  segment  was  determined  as  accurately  as  possible  for 
one  or  two  of  the  distances  found  above.  Thus,  finally,  in  the 
two  cases  which  I  compared  together,  the  fundamental  oscil- 
lation was  the  same ;  the  slider  was  in  exactly  the  same 
position,  only  the  distance  apart  of  the  condenser-plates  at  the 
ends  of  the  wires  was  different,  according  as  air  or  the  sub- 
stance experimented  upon  happened  to  be  between  them. 
Since  in  the  two  cases  everything  remained  absolutelv  the 
same  down  to  the  capacities  at  the  ends,  I  inferred  that  these 
capacities  were  also  equal  to  each  other,  and  thus  the  dielectric 
constant  of  the  substance  under  examination  (or  rather  the 
quantity  to  which  this  name  is  often  erroneously  given)  could 
be  determined  in  a  simple  manner. 

If  the  space  between  the  condenser-plates  was  filled  with 
air  we  had,  corresponding  to  distances  apart  of  the  plates, 

0-791,  0-830,  0-870,  ....  1-146,  1-186,  1-227,  1-266, 
1-324,  1-360  centim., 

the  following  numbers  as  the  mean  distances  of  the  ventral 
segment  a  from  the  end  s  of  the  wire, 

641-48,  633-68,  629-18,  ....  592-74,  r)8(;-72,  583-84, 
580-35,  573-65,  570*54  centim.  : 

and  further,  corresponding  to  an  air-condenser  with  plates, 

1-146,  1-186,  1-227,  1-266  centim. 

a[)art,  the  mean  distances  of  the  ventral  segment  c  from  the 
end  s  of  the  wire  were  respectively 

1045-74,  1043-70,  1041-73,  1038-64  centim. 

The  meaning  of  a  and  c  is  the  same  as  in  the  pa]>er  on 
electric  resonance  previously  referred  to.  The  wave-lengths  in 
the  two  cases  are  in  the  proportion  of  1  to  2.  For  each 
distance  apart  of  the  condenser-plates,  ten  ailjustments  of  the 
slider  were  made.  After  every  measurement  the  slider  was 
displaced  by  an  assistant  to  such  a  ilistance  that  the  vacuum- 
tube  became  quite  dark,  so  that  each  new  adjustment  was 
found  by  drawing  the  slider  along  the  wires  with  extremely 
great  care.  In  spite  of  this,  the  greatest  deviations  amounted 
t(^  5-6  centim.,  but  usuallv  they  were  smaller  than   this.     In 
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1800  adjustnients  which  I  have  made  altofrother,  there 
occurred  on  three  occasions  only  a  deviation  from  tl- ^  mean 
vakie  amounting  to  5  centim.* 

From  these  numhers  I  drew  three  curves,  and  endeavoured 
to  briuii"  the  now  ventral  se<j[ment  after  the  insertion  of  the 
substance  under  investigation  within  the  limits  just  found, 
this  being  easily  accomplished  by  suitably  altering  the  dis- 
tance between  the  condenser-plates. 

Ebonite. — If  a  plate  of  ebonite,  0"71G4  centini.  thick,  was 
placed  between  the  condenser-plates,  I  obtained,  corres|)onding 
to  distances  between  the  condenser-plates  of  l'2(\i)  and  1'701 
centini.  respectively,  for  the  ventral  segment  a  the  values 
641'63  and  585"4:G  centim. ;  and  for  the  ventral  segment  c 
corresponding  to  1*701  centim.  distance  between  plates,  I 
obtained  10J:0'92  centim. 

The  thickness  of  the  ebonite  plate  was  measured  by  means 
of  a  micrometer-screw  specially  constructed  for  the  purpose, 
and  fixed  in  a  brass  frame.  This  brass  frame  was  so  large  that 
the  screw  could  be  brought  to  any  point  on  the  dielectric. 
That  portion  of  the  ebonite  plate  which  lay  between  the  con- 
denser-plates was  divided  up  into  squares,  and  the  thickness 
of  the  ebonite  was  measured  at  the  corners  of  these  squares. 
The  value  given  above  is  the  mean  of  measurements  taken  at 
twenty  ditlerent  j)laces  ;  and  Boltzmann  f  lias  shown  that  this 
mathematical  mean  is  to  be  taken,  within  the  limits  of  error, 
as  the  true  thickness  of  the  dielectric. 

The  first  of  the  ventral  segments  just  found,  641*63  centim., 
corresponds  on  the  curve  mentioned  above  to  a  separation  of 
the  condenser-plates  of  0*791  centim.,  when  air  alone  is  be- 
tween them.  Therefore  the  capacity  of  the  condenser,  with 
plates-0*791  centim.  apart  and  air  only  between  them,  is  the 
same  as  that  of  the  condenser  with  plates  1*2()6  centim.  apart 
and  the  ebonite  disk  between  them.  The  difference,  0*475 
centim.,  represents  the  increase  of  thickness  of  the  condenser 
in  consequence  of  the  insertion  of  the  ebonite  ])late. 

For  the  position  of  the  second  ventral  segment,  585*46 
centini.,  we  had  in  the  air-condenser  a  thickness  of  1*206 
centim.,  and  after  inserting  the  ebonite  it  became  1*701  centim. 
The  diti'erence  is  0*495  centim. 

For  the  third  ventral  segment,  1040*92  centim.,  we  had  in 
air  a  thickness  of  1*234  centim.  The  ditFerence  is,  in  this  case, 
0*467  centim. 

These   three  differences,    0*475,  0*495,   and  0*467,   should 

*  Some  of  the  oriiiinal  measurements  are  giveu  iu  full  in  Jl'icu.  Bcr. 
xcix.  pp.  483-480,  18U0. 

t  Bultzmanu,  Fogg.  Ann.  cli.  p.  5G8,  1874. 
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really  be  equal.  Since  tlic  discrepancy  follows  no  sort  of 
rule  either  here  or  in  later  cases,  and  since  the  values  are 
sometimes  too  great  and  sometimes  too  small,  both  for  the 
ventral  segment  a  and  the  ventral  segment  c,  the  latter  of 
which  corresponds  to  a  vibration  twice  as  rapid  as  the  former, 
and  finally  seeing  that  there  ap])ears  to  be  no  definite  relation 
between  the  discrepancies  and  the  distance  apart  of  the  con- 
denser-])lates,  we  must  attribute  them  to  errors  in  the  measure- 
ments, and  most  of  all  to  the  diflBculty  of  moving  the  plates 
parallel  to  each  other.  The  above  agreement  of  the  results 
with  each  other  would,  however,  be  fairly  satisfacton,-;  but  it 
obviously  becomes  worse  when  we  pass  to  the  actual  calcula- 
tion of  the  dielectric  constant ;  the  deviation  then  becomes 
greater  as  the  dielectric  constant  itself  increases.  In  this  and 
all  other  cases  I  take  the  mean  of  these  differences  and  make 
use  of  it  in  determining  the  dielectric  constant. 

The  mean  of  the  three  measurements  given  above  is  0*479 
centim.  The  value  so  calculated  is  subtracted  from  the 
thickness  of  the  dielectric  (0'716);  this  thickness,  divided  by 
the  difference  (0'237),  gives  the  dielectric  constant"^.  For 
ebonite,  I  thus  obtain  3*01  as  the  value  of  the  dielectric  con- 
stant for  such  short  times  of  charge  as  are  measured  by 
hundred  millionths  of  a  second. 

The  half  wave-length  of  the  shorter  oscillation  c  was  about 
1000  centim. 

*  N(jic  by  Translator : — Perhaps  the  following  will  make  the  process  of 
calculation  more  clear: — 

Let  C  be  the  capacity  of  the  condenser  in  each  case,  A  the  area  of  each 
of  its  plates.  For  the  condenser  with  air  alone  let  /,  be  the  thickness  of 
air  (i.  e.  the  distance  between  the  plates).  Finally,  ior  the  ebonite  con- 
denser of  total  thickness  in,  let  there  be  a  thickness  tn  —  e  of  air,  and  a 
thickness  e  of  ebonite  whose  specific  inductive  capacitv  is  k. 

Then 

A  A 

C= — 


'^^Q  ^'^O^-O 


lor  the  ebonite  condenser;  and  also 


C— ^ 


for  the  air  condenser. 
Hence 


wliicli  'aves 


t,  =  '^+t,-e, 


c-{t,-t,) 
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Glass. — If  a  glass  plate  0*8797  centim.  thick  was  placed 
between  the  condenser-plates  I  obtained,  corresponding  to 
distances  between  the  plates  of  1*582  and  1*954  centim.,  for  a, 
the  positions  634'57  and  587*54  centim. ;  and  corresponding  to 
1*954  centim.,  I  found  for  c  the  position  1042*74  centim. 

These  numbers  were  used  in  the  same  manner  as  the 
previous  ones.  The  distance  apart  of  the  condenser-disks 
differs,  according  as  the  glass  is  inserted  or  not,  by  0*758, 
0*767,  and  0*753  centim.  The  value  of  the  dielectric  con- 
stant is  found  to  be  7*31. 

Petroleum. — In  order  to  bring  a  layer  of  liquid  between 
the  condenser-plates,  I  took  a  wooden  ring  whose  internal 
diameter  was  14  centim.  On  each  face  was  fastened  a  thin 
glass  plate,  and  thus  a  disk-shaped  space  was  formed  for  the 
reception  of  the  liquid.  The  thickness  of  the  whole  system 
was  measured  in  thirty  places,  the  liquid  having  been  first 
inserted,  in  order  to  take  account  of  the  bulging  produced 
by  the  pressure  of  the  liquid  against  the  sides  of  the  vessel. 
The  thickness  of  the  two  glass  plates  had  also  been  previously 
measured  in  thirty  places  before  cementing  them  on  the  ring. 
From  these  data  the  thickness  of  the  liquid  film  could  he 
calculated  exactly. 

If  the  two  glass  plates  0*4338  centim.  thick  were  inserted 
between  the  condenser-plates,  separated  1*590  centim.,  the 
ventral  segment  a  was  situated  583*93  centim.  from  the  end 
of  the  wire ;  the  same  ventral  segment  corresponds  to  an  air- 
condenser  of  1'223  centim.  thickness.  The  difterence  was 
0367.  We  obtain  thus  for  the  dielectric  constant  of  the 
glass  used  ("  Solinglas  ")  6*50,  which  number,  however,  mav 
be  less  accurate  than  the  others  given  in  this  paper,  becausr; 
the  glass  plates  were  too  thin. 

In  order  to  obtain  the  dielectric  constant  of  petroleum,  I 
next  found  571*93  for  the  ventral  segment  when  petroleum 
and  two  glass  disks  were  between  the  condenser-plates,  these 
latter  being  separated  by  a  distance  of  2*848  centim.  For 
the  same  ventral  segment  an  air-condenser  of  thickness  1*348 
centim.  was  required.  The  difference  of  these  numbers  1*500 
must  be  reduced  by  0"367,  which  number,  as  shown  above, 
expresses  the  effect  of  the  two  glass  disks.  Aft(?r  taking  away 
the  layer  of  petroleum  alone,  whose  thickness  was  1*9272 
centim.  (the  glass  disk  still  remaining  in  position),  I  had  to 
diminish  the  distance  apart  of  the  condenser-plates  by  1*133 
centim.  to  make  its  capacity  the  same  as  before  :  and  thus  1 
obtain  the  value  2*42  as  the  dielectric  constant  of  petroleum. 

The  petroleum  used  was  the  common  commercial  liquiil  as 
used  for  burning,  and  contained  some  water. 


J  7.^ 
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Water. — If  1  ])()iuv'il  into  the  wooden  rino;  distilled  water 
(the  tliickness  of  the  water  alone  heino;  r!lo42  eentim.),  I 
found,  with  C'ondonser-i)l:ites  B'lOO  centiin.  apart,  a  ventral 
se<;ni('nt  a  at  G3;r47  centiin. 

The  difference  calculated  as  in  the  case  of  petrolenm  gives 
in  this  case  1*953  centiin.  for  a  thickness  riJ34  eentim.  of  the 
dielectric.  The  error  of  experiment  is  therefore  now  too 
great,  and  if  I  wished  to  calculate  the  dielectric  constant 
from  these  dala  as  before,  its  value  would  be  infinite. 

Experiments  with  Ruhmkorff  Oscillations. 

In  the  determination  of  the  dielectric  constant  by  means  of 
Ruhmkorff  oscillations,  I  have  ado})ted  a  method  which  is 
very  convc^nient  and  simple  and  permits  very  exact  measure- 
ments to  be  made.  This  method  is  in  many  respects  similar 
to  that  used  by  Gordon  *,  but  is  much  simjder.  One  pole  of 
a  small  induction  a})paratus  K  (fig.  2)  is  jiut  to  earth;  from 
the  second  })ole  one  connexion  is  made  to  the  condenser  0 
and  a  second  one  to  the  comparison  condenser  E.  The  other 
two  plates  of  these  condensers,  C  and  E',  are  connected  to 
the  two  quadrants  q  and  </  of  an 
electrometer  by  means  of  two 
parallel  wires.  The  needle  /  of 
the  eleclrometer  is  ])ut  to  eaith. 
The  action  of  this  ai-iangement  is 
immediately  seen.  If  ihe  two  con- 
densers are  equal,  both  quadrants 
are  alternately  charged  and  dis- 
charged in  the  same  manner,  and 
the  needle  remains  at  rest.  If  the 
one  condenser  is  stronger,  the  elec- 
trometer-needle is  momentarily 
deflected  towards  the  correspond- 
ing quadrant. 

The  plate  to  be  experimented  on, 
.Y.f',  was  then  placed  between  the 
disks  of  the  condenser  CC,  and  the 
other  one  EE'  (an  ordinary  Kohl- 
rausch  ])late-eonilenser)  was  roughly  adjusted.  The  final 
adjustment  was  made   by  the  micrometer-screw  of  the  con- 

•  G.  >\ie(U'inaiin,  Eleldricitiit,  ii.  p.  ;?8,  1883.  After  this  paper  had 
been  comiiiuuii'iitcd  to  tlio  Vit'una  Acadoniy  (Itith  May,  iStX)),  the  ron- 
tompunuy  work  of  Doiilc  avus  published  (VViod.  Anu.  xl  p.  MOr,  18tH)). 
Our  nietliods  an'  almost  ideiuical,  except  tlmt  I  u.^e  in  place  of  an  electro- 
dvnaiuonicttT  an  electmnioler.  which  I  con-ider  in  several  r^'spect^!  more 
simi)le  and  atlvantageous. 
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denser  CC,  this  being  the  same  condenser  as  I  used  for  tlie 
previous  experiments.  The  electrometer-deflexions  ^vere  read 
bj  the  aid  of  a  teh^scopo. 

This  method  is  surprisinfrly  sensitive ;  the  adjustments  are 
very  easil}'  made,  and  moreover  transient  disturbances  are 
easily  recognized  by  the  suddenness  with  which  the  effect 
appears ;  the  raising  of  a  hand,  or  a  person  passing,  causes  a 
momentary  deflexion  of  the  electrometer-needle  *. 

After  the  adjustment  had  been  made  with  the  plate  xa;'  ba- 
the condenser-disks,  ,va/  was  removed  and  then,  without  any 
alteration  whatever  in  EE',  the  plates  CC  were  made;  to 
approach  each  other,  until  the  electrometer-needle  returned 
to  zero. 

In  the  following  table  the  measurements  have  all  been 
collected  together.  The  numbers  give  the  distance  apart  of 
the  condenser-])lates  in  centim.,  when  the  capacity  has  been 
kept  the  same,  as  described  above. 


Ebonite 
(0-71()4 
centim.). 

Glass 
(0-8797 
centim.). 

Petroleum 

+  two  glas'S 

plates  (1-9272 

+0-4338 

centim.). 

Water  +  two 

glass  plates 

(1-9342 

+0-4338 

centim.). 

Two  glass 

plates  (0-4338 

centim.). 

With  the  dielectric . 
With  air     

2-lGlO 
1-5785 

1-6090 
1-0249 

2-6278 
1-7240 

20325 
1-1285 

3-6590 
1-8120 

3-6560 
1-8240 

4-2100 
1-3410 

4-0035 
1-1200 

1-8834 
1-4401 

1-9240 
1-4859 

Difference    

0-5825 

0-5841 

0-9038 

0-9040 

1-8470 

1-8320 

! 

2-8690 

2-8835 

0-4-133 

0-4381 

1 

We  thus  obtain  for  the  dielectric  constant  of 


Plate  Glass. 

"  Solinglas." 

Ebonite. 

Petroleum. 

Water 

5-34 

5-09 

2-81 

2-35 

CO 

These  numbers  are,  apart  from  errors  of  the  method,  more 
exact  than  those  of  the  previous  section ;  tlie  separate 
measurements  by  the  next  method  show  the  least  agreement. 

*  It  should  be  noticed  in  passing,  that  if  capacities  are  connected  to  C 
or  K'  the  alteration  in  tlie  adjustment  is  considerable;  if,  on  the  contrary, 
a  coil  of  wire  be  inserted  in  the  conductor  leading  from  C  or  E'  to  the 
electrometer-quadrants  the  effect  is  smaller.  Tlie  self-induction  of  the  in- 
duction-coil is  itself  very  large,  the  cap:icities  on  the  contrary  comparatively 
small.  Of  the  disturbance  introduced  in  con>equence  of  damping  the 
oscillations  by  causing  the  condenser-plates  to  approach  each  other,  I  sliali 
speak  later. 
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Experiments  with  a  Statical  Charge. 

The  arranfrement  is  just  the  same  as  in  fig.  2  of  the 
previous  section,  except  that  a  small  influence-machine  is 
used  in  place  of  the  induction-coil.  Its  terminals  were  only 
separated  by  0'05  centim.,  so  that  the  sparks  which  passed  and 
the  potential  differences  were  quite  small.  The  one  terminal 
was  put  to  earth,  and  the  other  was  connected  for  about  0-5 
second  with  the  point  r.  The  adjustment  and  comparison  of 
the  two  condensers  took  place  exactly  as  before. 

For  water  and  ])etroleum  no  measurements  could  be  ob- 
tained by  this  method,  because  in  this  case  .ex'  acted  as  an 
earth-connected  screen.  In  order  to  bring  the  needle  to  zero, 
I  had  to  remove  E'  to  an  infinite  distance  from  E,  so  great 
was  the  conduction  due  to  the  small  amount  of  water  which 
the  petroleum  containc^d. 

For  the  other  substances,  the  measurements  are  given  in 
the  followiu"-  table  : — 


Ebonite 
(0-7164 
centim.). 

Olass 
(0-8797 
centim.) 

Two  glass 

plates  (U-4338 

centim.). 

With  the  dielectric  

With  air 

1-5820 
1-0090 

20640 
1-4863 

2-4885 
1-6150 

19820 

1 
1-1062 

1 

1-8631 
1-4330 

1-9(M2 
1-5638 

Difference    

0-5730 

0-5777 

0-8735 

0-8758 

1 

0-4301 

0-4304 

The  corresponding  dielectric  constants  are  :- 


Plate  Glass. 
4-67 


"  Solinglas." 
4-64 


Ebonite. 
2-64 


Synopsis  of  Results. 

Collecting  the  results  obtained  by  the  three  methods,  in  all 
of  which  high  jiotentials  are  used,  we  find  : — 
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Time  of  Charge 
in  seconds. 

Dielectric  Constants  of 

Plate  glass 
(0-8797 
centim.). 

"Solinglas" 
(0-4338 
centim.). 

Ebonite 
(0-7164 
centim.). 

Petroleum 

(1-9272 
centim.). 

Water 
(1 -9.34  2 
centim.). 

5x10"^    

SxlO"''    

3x10"^    

4-67 
5-34 
7-31 

4-64 
5-09 
6-50 

2-64 
2-81 
3-01 

Not  measured. 
2-35               CO 
2-42               o) 

The  dielectric  constant,  if  we  reckon  it  simply  from  the 
capacity  as  in  this  paper  and  as  J.  J.  Thomson  has  done,  is 
for  quick  oscillations  not  only  not  smaller,  but,  on  the  contrary, 
much  larger.  In  all  the  substances  investigated  we  have  found 
the  same  phenomenon,  and  the  differences  found  are  too  great 
for  us  to  assume  that  they  arise  from  secondary  sources 
of  error.  I  am  therefore  of  opinion,  contrary  to  J.  J.  Thom- 
son, that  in  general  we  shall  not  be  able  to  arrive  at  the  true 
dielectric  constant  even  by  the  aid  of  Hertz  oscillations. 

For  the  time  of  oscillation,  neglecting  certain  terms  which 
need  not  here  be  considered,  we  have 

where  L  is  the  self-induction,  S  the  capacity,  and  \  the 
coefficient  of  damping.  This  damping  (A.)  increases  as  the 
oscillations  become  more  rapid,  and  it  is  probable  that  in  our 
Hertz  oscillation  the  lag  produced  in  tht;  swing  by  damping 
is  the  chief  cause  of  the  increase  which  we  have  found  in  the 
dielectric  constant.  The  phenomena  taking  place  in  the 
dielectric  with  such  rapid  oscillations  are,  however,  in  any  case 
of  too  complicated  a  nature  for  me  to  advance  this  theory  as 
an  explanation  of  the  increase  of  the  dielectric  constant  with 
ra})idity  of  cscillation  *. 

*  That  the  phenouieua  are  not  so  simple,  and  that  in  many  cases, 
among  ^vhich  J.  J.  Tliomsou'ti  experiments  may  also  be  counted,  a  decrease 
of  the  dielectric  constant  occurs  with  Hertz  oscillations,  is  shown  by  the 
following  experiments : — 

The  condenser-plates  are  separated  by  about  28  centim.,  and  a  trough 
of  water  27  centim.  long  is  placed  between  them.  The  capacity  of  this 
condenser,  measured  by  my  method  w-ith  IJuhmkorll  osciUation's,  is  just 
the  same  whether  the  vessel  contains  distilled  water,  or  water  to  -which 

Phil.  Mag.  S.  5.  Vol.  31.  No.  li)0.  Alar.  1891.  P 


182  Mr.  Horace  Lamb  on  the 

For  tli(3  majority  of  substances,  then,  an  increase  in  the 
dielectric  constant  similar  to  that  which  I  have  found  in  the 
substances  investigated  might  be  expected  ;  and  it  appears  to 
me  that  in  experimenting  with  slow  swings  tht^re  is  more 
chance  of  success,  since  in  that  case,  proceeding  as  Schiller  or 
Cohn  and  Arons  liave  done,  the  causes  of  error  can  be  more 
easily  eliminated  from  the  experiments  or  allowed  ibr  in  the 
observations. 

Vienna,  May  1890. 

XXIIl.   On  the  Flexure  of  a  Flat  Elastic  Spring. 
By  Horace  Lamb,  M.A.,F.R.S* 

iT  is  a  well-known  consequence  of  the  ordinary  theory  of 
flcixure  that  when  a  bar  of  (say)  rectangular  section  is 
slightly  bent  by  opposing  couples  in  a  plane  j)arallel  to  one 
pair  (jf  faces,  so  as  to  form  a  circular  arc  of  radius  p,  the 
remaining  faces  take  an  anticlastic  curvature  ajp,  where 
a  is  "  Poisson's  ratio  ; "  and  this  fact  has  been  made  the 
basis  of  ingenious  experimental  methods  of  determining  cr, 
by  Cornuf  and  Mallock|.  It  appears  to  have  been  first 
remarked  by  I'liomson  and  Tait  ('  Natural  Philosophy,'  §  717) 
that  this  tendency  to  anticlastic  curvature  im|)Oses  in  certain 
cases  a  limit  to  tlu;  degree  of  flexure,  beyond  which  the 
theory  in  question  will  not  apply.  ''  For  unless  the  breadth 
of  the  bar  (or  diameter  perpendicular  to  the  plane  of  flexure) 
be  very  small  in  comparison  with  the  mean  proportional 
between  the  radius  [p/o-]  and  the  thickness,  the  distances 
[in  any  cross  section]  from  [a  line  through  the  axis  per- 
pendicidar  to  the  plane  of  flexure]  to  [one  pair  of  corners] 
would  fall  short  of  the  half-thickness,  and  the  distances  to 
[the  other  [)air]  would  exceed  it  by  ditferences  comparable 
with  its  own  amount.     This  would  give  rise  to  sensibly   less 

10  ])or  cont.  of  .sulphuric  acid  has  bt'en  added.  With  Hertz  oscillations 
on  the  other  hand,  tlie  distilled  water,  used  in  the  same  tnuijrh,  behaved 
as  if  it  had  a  dielectric  constant  of  about  ;}U0.  If  a  few  drops  of  sulphuric 
acid  were  then  added  to  it,  the  oscillations  either  entirely  ceased  or  at  any 
rate  were  no  longer  vi.^iljle  bv  my  method.  The  insertion  of  such  thick 
layi-rs  would  be  of  ailvantatre,  insomuch  as  one  ctiuld  compare  the  larjre 
dielectric  constants  not  with  air.  but  with  a  dielectric  constiint  oo .  This 
mode  of  procedure  cannot  unfortunately  bi>  directly  appli"d  to  Hertz 
nscillalions,  since  tlie  insertion  of  a  conductor  '27  centim.  long  niters  the 
lenj^lh  of  the  patli  of  the  oscillations  by  too  jrreat  an  amount. 

*  From  tlie  l*roceedi:iLrs  of  the  .Manchester  Literary  and  Philosophical 
Society,  April  i".Hh,  18lt0.     Communicated  by  the  Author. 

t   Coiuptex  lii'iiihix,  Anjrust  '1,  l^ilil'. 

t   I'roc.  Roy.  Soc.  June  19,  lS7i». 


Flexure  of  a  Flat  Elastic  Spring.  183 

and  greater  shortenings  and  stretchings  in  the  filaments 
towards  the  corners  than  those  expi'cssed  in  our  ibrnmlae, 
and  so  vitiate  the  solution.  Unhappily,  mathematicians  have 
not  hitherto  succeeded  in  solving,  possibly  not  even  tried  to 
solve,  the  beautii'ul  j)roblem  thus  presented  by  the  flexure  of 
a  broad  very  thin  band  (such  as  a  watch-spring)  into  a  circle 
of  radius  comparable  with  a  third  proportional  to  its  thick- 
ness and  its  breatlth.'' 

The  difficulty  thus  arising  in  the  case  of  a  straight  band, 
when  the  flexure  exceeds  a  certain  amount,  makes  its 
appearance  ah  initio,  even  for  infinitely  small  changes  of 
curvature,  in  the  case  of  a  band  originally  curved,  and  is  in 
this  way  closely  connected  with  the  circumstance,  first  pointed 
out  by  Mr.  Love"^,  that  it  is  in  general  impossible  to  satisfy 
the  boundary  conditions  for  a  curved  plate  or  shell  by  a 
deformation  such  that  the  middle  surface  is  absolutely  un- 
extended.  In  considering  this  latter  question  I  had  occasion, 
recently  t,  to  work  out  the  uniform  flexure  of  a  cylindrical 
plate,  but  I  did  not  notice  at  the  time  that  the  same  analysis, 
with  the  proper  change  of  meaning  of  a  coefficient,  gives 
the  solution  of  the  problem  proposed  by  Thomson  and  Tait. 
As  the  matter  is  of  independent  interest,  ^and  as  so  much 
importance  has  been  attached  to  it  by  these  writers,  I  take 
the  liberty  of  reproducing  the  investigation  (as  suitably 
modified)  in  a  separate  form.  The  main  results  are  such  as 
might  be  anticipated  from  the  above  quotation.  The  ex- 
tensions and  contractions  of  the  middle  surface  of  the  band, 
which  are  called  into  play  by  the  tendency  to  the  contrary 
curvature  in  the  direction  of  the  breadth,  keep  this  curvature 
in  check,  so  that  the  strained  form  never  deviates  appreciably 
from  that  of  a  cylinder.  When  the  radius  p  is  large  com- 
pared with  the  third  proportional  aforesaid,  the  couple  re- 
quired to  maintain  the  flexure  has  the  value  given  by  the 
ordinary  theory  ;  whilst  in  the  o[)posite  extreme  it  tends  to  the 
value  appropriate  to  a  plate.  For  intermediate  cases  we  must 
have  recourse  to  the  general  formula  (18)  given  below. 

Considering,  then,  a  straight  flat  spring  wdiose  breadth 
26  is  large  compared  with  the  thickness  2A,  let  us  in  the 
first  instance  suppose  that  by  a  propcsr  a[)[)lication  of  force 
to  the  two  ends  (to  be  afterwards  determined)  it  is  bent  s<> 
that  tiie  strained  form  is  one  of  revolution.  As  regards 
the  amount  of  the  bending,  we  shall  stippose  only  that  p 
the   radius  of  curvattire  of  the  medial   line  or  axis,  is  largo 

*  Phil.  Traus.  188g(A),  pj).  Ml,  524. 

t  I'l'oc.  J^oud.  Math.  Soc.  Jan.  18'JU.  8eo  also  §  7  of  a  previou.^  iiapur 
"  Ou  the  Flexure  of  an  Elastic  I'late,"  December  16=U. 
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compared  with  h.  Let  the  band  be  divided  into  rectangular 
elements  by  two  systems  of  normal  sections  respectively 
perpendicular  and  parallel  to  its  length.  The  stresses  across 
any  section  of  the  former  system  will  reduce  to  a  tension  P, 
and  a  couple  G,  both  reckoned  per  unit  length  ;  whilst  across 
any  section  of  the  second  system  we  shall  have  a  tension  Q, 
a  couple  H,  and  a  shearing  force  Z  in  the  direction  of  the 
normal.  All  these  quantities  are  functions  only  of  the  dis- 
tnnce  (./■,  say)  from  the  medial  line.  Considering  the  equili- 
brium of  a  rectangular  element  of  breadth  dx,  and  resolving 
parallel  to  or,  w^e  find 

dx      "' 
and  since  Q  vanishes  at  the  free  edges,  it  follows  that 

Q=o (1) 

everywhere.     Again,  resolving  along  the  normal,  we  have 

and  taking  moments  about  a  parallel  to  the  medial  line, 

dx 
Hence 

^^-^0 (.) 

The  remaining  boundary  conditions  are  e\'ideutly  H  =0,  Z  =  0, 
that  is 

H=0,     '^,=0 (3) 

The  functions  which  occur  in  these  equations  have  now 
to  be  expressed  in  terms  of  the  deformation  of  the  middle 
surface  of  the  band.  If  a  rectangular  })late  of  thickness  '2h 
undergo  extensions  o-j,  a^,  parallel  to  the  edges,  the  corre- 
sponding tensions  are,  per  unit  length. 


4{X  +  fi)fi  . 


y w 


A,  +  -V  J 
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where  X,  /x  are  the  elastic  constants  of  Lame,  equivalent  to 
m—n  and  n,  respectively,  in  the  notation  of  Thomson  and 
Tait.  If,  further,  the  ])late  experience  curvatures  l/pj  and 
1//32  parallel  to  its  edoes,  the  corresponding  flexural  couples 
are 


(^) 


\  +  2fi    \p2      /),/"  3 

Now  let  w  denote  the  deviation  at  any  point  of  the  middle 
surface  from  the  cylindiical  surface  (of  radius  p)  drawn 
through  the  medial  line,  in  the  strained  condition  ;  and  let 
a-Q  be  the  extension  of  this  medial  line.  We  have  evidently, 
in  the  pi-esent  case, 

0-1  =  0-0+  ^^ip,  ^ 

pi=p  +tv,  \ (6) 

llp,=  -dhv/(Lv^.      ) 
The  equations  (1)  and  (4)  show  that 

o-2=— crcTi, 
and  substituting  from  (4),  (5),  and  (6),  in  (2),  w^e  get 

3  dx^Xdx^       p  +  ivj  p      \  ^     p  J 

An  error  of  the  order  tc/p  in  the  values  of  the  flexural  couples 
is  clearly  unimportant*,  so  that  we  may  write  for  the  last 
equation 

^'^+^^-'^')(^"  +  "^^)=^-      •     •     •   ^^) 
The  boundary  conditions  (3)  give 


d.c^       p  +  io 

dxxdir       p  +  wj 
or,  by  a  similar  approximation, 

*  This  approxiuiation  may  also  te  justified  <i^os/mori.  Itwil  appear 
that  the  tonus  ueglectid  are  of  the  order  hjp  compared  with  tliose 
retuiued. 
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T<et  us  write  for  shortness 


d_ 


4         3(1-CT^ 

97?    :=:  - 

4     AV'' 


(8) 


(9) 


The  proper  solution  of  (7)  is  then 

w  4  o-^p  =  A  cos  mx  cosh  ?n.i'  +  B  sin  mx  sinh  m.r  ;  .   (10) 
and  the  conditions  (8)  to  he  satisfied  at  the  edf£es  .r=  +  h 


eive 


—  A  sin  mh  sinh  mh  +  B  cos  mh  cosh  mh=^ 


q 

nrp 


A  (cos  mh  sinh  ?><//  +  sin  inh  cosh  /»?/) 

+  B  (sin  ml)  cosh  mh  —  cos  mh  sinh  mh)  =  U 

leadino-  to 

. o-     sin  m&  cosh  mh— cos  mh  sinh  w?*  ~] 


(ii; 


7n^p 


B  = 


sinh  2?7i6  +  sin2w/^ 
o-      sin  ?)?i  cosh  mh  +  cos  ??? J  sinh  mh 


(12) 


sinh  2;/i6  +  sin  2mh 
The  condition  that  «'  =  0  when  x  =  0  gives 

o-o/3  =  A, (13) 

and  the  vahie  of  to  is  thus  completely  determined. 

The  distribution  of  applied  force  and  couple  over  the  ends 
(supposed  straight)  necessary  to  produce  the  strain  in  question 
is  given  by 


2(3\+2/i)/i 


i^^-^P^) 


(U)* 


p      8(\  +  ^)/i   3/I        d'^tv\ 

This   distribution    is  somewhat  artificial,   but   the    theory   of 
"local   |)erhirl)a(ions  "'  developed  by  St.  Venant,  Boussinesq, 

•   Since  a  =  \-2(\+n). 
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and  otliors,  warrants  us  in  asserting  that  if  it  bo  replaced  by 
any  other  distribution  having  the  same  force-  and  coiiple- 
resuhants,  the;  form  assmned  by  the  band  will  not  b(!  sensibly 
altered,  excejtt  witbin  a  distance  from  the  ends  comparable 
with  the  breadth.     It  appears  from  (7)  and  (8)  that 


f 


Wr=0, (16) 


so  that  the  forces  on  either  end  reduce  to  a  couple 

J>4'^K?-Ks)}-  •  •  (") 

x=b 

On  substitution  from  (10)  and  (12)  this  becomes,  after  a  little 
simplification, 

r**p       _  8  (A,  +  ^)yu,        '^^' f  ^       o-^  cosh  2m6  — cos  2wi1    ^, 
j_j     '        3  \  +  2/i  P    L        7^6  sinh  2m6  +  sin  2/«/>  J 

The  form  assumed  by  the  cross  section  of  the  band,  and 
the  value  of  the  flexural  couple,  depend  on  the  magnitude  of 
ml),  which  is  comparable  with  h/s/{/ip).  For  sufficiently 
small  curvatures,  i.  e.  so  long  as  p  is  large  compared  with 
O'^/h,  inb  is  small,  and  we  find  without  difficulty 


u'=^-, (19) 


(20) 


whilst  the  formula  (18)  for  the  flexural  couple  reduces  to 

3       X  +  /t/.      p  ' 

which  is  in  fact  the  value  given  by  the  ordinary  theory  for  a 
bar  of  breadth  2h  and  depth  '2/i,  the  coefficient  {o\  +  2/j,)  /j,/  {\  +  fi) 
being  Young's  modulus. 

As  the  curvature  increases  beyond  the  limit  above  indicated, 
the  flexural  couple  increases  in  a  greater  ratio,  until  in  the 
other  extreme,  when  p  is  small  compared  with  b^/h,  and  mb  is 
consequently  large,  the  expression  for  the  couple  becomes 

3    \  +  2fi,     p  ' ^  ^ 

the  same  as  for  a  plate. 

*  This  exceeds  the  value  (20),  given  by  the  ordinary  theory,  in  the 
ratio  1/(1— 0-"). 
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We  have  also  in  this  case 


"  ^  ^  -    ^  (22) 


B=^2-^e-"'''^\n(mb  +'^) 


J 

approximately,  so  that  the  value  of  w  given  by  (10)  and 
(13)  is  insensible  except  close  to  the  edges.  Near  the  edge 
a;=b  -we  have,  for  exanij)le, 

to=  -^-?~  e-'"(*-^>  cos  (  vi{b-a:)  +  ^  1  •     •    i'^^) 
sJ2m^p  (.  4  J 

At  the  edge  itself  the  deviation  from  the  cylindrical  form 
is  conii)arabl('  with  A,  but  it  ra})idly  diminishes  as  we  ])ass 
inwards,  at  the  same  time  fluctuating  in  sign.  The  latter 
result  mav  perhaps  be  unexpected,  but  a  little  consideration 
will  show^  that  it  is  intimately  bound  up  with  the  su|)position 
we  have  made,  that  there  is  no  resultant  force  on  the  ends 
of  the  band.  The  amplitudes  of  the  fluctuations  diminish, 
however,  so  ra])idly  that  it  is  not  likely  that  this  feature  of 
the  strain  could  ever  be  made  the  subject  of  observation. 


XXIV.    Specific    Inductive    Capacity   of    ElectroJytes.      By 
Edward  B.  Rosa,  Felloio  of  the  Johns  Hopkins  University  *. 

[Plate  VI.] 

I.  ri^HE  study  of  the  specific  inductive  capacity  of  water 
_l  and  other  conducting  hquids  Was  suggested  to  me 
about  a  year  ago  bj^  Professor  Rowland.  Cohn  and  Arons 
and  others  had  recently  found  values  of  K  for  ^Nater,  ranging 
from  75  to  85  and  for  alcohol  from  25  to  30  ;  these  exceeded 
so  many  times  the  value  of  K  for  most  non-conductors  that  it 
seemed  possible  that  there  might  be  a  relation  between  the 
conductivity  and  ind activity  f  ;  that  these  high  values  were 
directly  due   either  to  com})aratively  large  conductivity,  or 

*  Communicated  by  the  Author.  An  abstract  of  this  paper  was  read 
before  the  American  Association  for  the  Advaucoment  of  Science,  Indian- 
apolis, August,  1890. 

t  This  seems  to  be  a  somewhat  prevalent  opinion.  Thus,  Andrew 
Gray  ('Absolute  Measurements  in  Llectririty  ami  Majruetisni,'  p.  491) 
says,  referring  to  Cohn  and  Arons'  determination  of  K  for  water  and 
alcohol :  "  Tliese  substances  have,  liowever,  considerable  conductivity, 
which  Avould  tend,  of  ctwrse,  to  give  an  ajjparently  high  specific  induc- 
tive capacity."' 
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else  both  conductivity  and  inductive  capacity  were  due  to 
some  common  property  of  these  hquids.  In  short,  that  the 
measured  specific  inductive  capacities  of  conductinf^  liquids 
were  not  genuine  specific  inductive  capacities,  the  square 
roots  of  v/hich,  according  to  the  electro-magnetic  theory  of 
light,  should  equal  the  corresponding  indices  of  refraction,  for 
waves  of  pei'iods  equal  to  those  employed  in  measuring  K. 
As  will  appear  from  the  following  pages,  tiiis  anticipation  has 
not  been  realized,  the  experiments  indicating  that  these  large 
values  are  true  inductivities. 

II.  The  method  adopted  for  studying  the  question  was  to 
measure  the  force  exerted  between  a  fixed  and  a  movable 
electrode  in  an  electrolytic  cell,  varying  the  difference  of 
potential  of  the  electrodes,  their  distance  apart,  the  ])eriods  of 
the  alternating  potentials  employed,  the  temperature  of  the 
electrolyte,  and  its  conductivity  (the  latter  by  varying  the 
quantity  of  dissolved  salts  or  other  impurities).  Water  and 
alcohol  are  the  electrolytes  studied,  and  their  behaviour  has 
been  compared  with  that  of  air,  turpentine,  and  other  di- 
electrics. 

Apparatus. 

The  apj)aratus  containing  the  electrolytic  cell  is  shown 
in  Plate  VI.  fig.  1.  The  movable  electrode  is  suspen<led 
by  a  fine  silver  wire  ('009  centim.  in  diameter)  wdiicli 
conducts  the  current  *  to  the  electrode  and  whose  torsion 
measures  the  force  of  attraction  in  question.  The  silver  wire  is 
attached  above  to  the  torsion-head  a,  and  below  at  the  mirror 
c  to  a  thick  wire  which  passes  down  into  the  liquid  (contained 
in  the  glass  dish  d)  ;  then,  bending  at  right  angles,  it  forms  an 
arm  about  4  centim.  long,  at  the  end  of  which  is  attached 
the  movable  electrode,  hereafter  called  the  needle.  Several 
forms  of  needle  were  used,  but  in  order  to  secure  a  quick, 
nearly  dead-beat  motion,  it  was  usually  constructed  of  fVom 
two  to  five  narrow  plates  above  one  another  in  horizontal 
planes,  held  together  by  vertical  wires.  The  fixed  electrode 
consists  of  a  vertical  plate  of  platinum,  o^  x  5  centim.  It  is 
attached  to  a  brass  piece  which  slides  in  a  slot  in  the  ebonite 
plate  e,  and  a  graduated  scale  .s-  j)ermits  the  plate  to  be  set  at 
any  desired  ])oint.  All  j)arts  dipping  into  the  liquid  are  made 
of  })latinum.     A  scale  at  a  distance  of  three  metres  is  seen  by 

*  The  ciu'reut  traversing-  this  wire  in  the  experiments  was  not  sufficient 
to  chanpfe  it.s  teniperaturi!  as  much  as  the  ordinai'v  fluctuations  in  the 
temperature  of  the  room. 
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reflexion  at  the  mirror  c  throii(^li  a  larf^r;  roadintJ^-telescope. 
By  means  of  a  long  wooden  lever,  attached  to  the  torsion- 
head  a  and  within  reach  of"  the  observer  at  the  telescope,  the 
needle  was  always  brought  nearly  to  the  same  standard  scale- 
readino-  when  the  force  was  actin<r  upon  it.  This  insured  a 
constant  distance  Ijetween  the  needh^  and  ])late.  and  the 
amount  of  the  deflexion  was  determined  by  taking  the 
difference  between  this  (nearly  constant)  deflected  reading 
and  the  reading  w^hen  the  needle  and  plate  are  brought  to  the 
same  potential.  The  distance  (three  metres)  between  the 
mirror  and  scale  is  sufficiently  gi'cat  so  that  the  force  may 
safely  be  taken  as  proportional  to  the  scale-readings. 

The  dis])osition  of  the  apparatus  is  shown  in  Plate  VI. 
fig.  2.  The  difference  of  potential  required  is  furnished  by  a 
gravity-battery,  any  desired  value  less  than  the  whole 
potential  being  obtained  by  suitably  manipulating  the  plugs 
of  the  resistance-box.  The  rotating-commutator  is  run  bv  an 
electric  motor.  The  commutator  has  two  ebonite  wheels,  10 
centim.  in  diameter,  mounted  on  a  steel  axle  and  carrying  2 
and  26  segments  of  brass,  respectively,  with  brass  contact- 
brushes.  Either  wheel  may  be  used  and  the  speed  varied 
through  wide  limits,  so  that  the  rate  of  alternation  may  have 
any  desired  value  from  a  hundred  to  a  hundred  thousand  ])er 
minute.  Generally,  however,  the  two-segment  wheel  was 
used,  and  the  current  reversed  from  200U  to  4000  times  per 
minute.  A  disk  having  100  teeth,  and  gearing  into  the  axle, 
served  as  a  counter,  and  struck  a  bell  every  100  revolutions. 
The  potential  was  measured  by  a  Weston  voltmeter,  inserted, 
as  shown,  between  the  resistance-box  and  commutator.  It 
was  carefully  calibrated  and,  exce])ting  an  index  error  of  0"2 
volt,  was  found  correct  as  graduated.  With  respect  to 
constancy  and  sensibility,  this  instruuicnt  has  performed 
beautifully. 

As  soon  as  the  brushes  of  the  commutator  came  upon  the 
insulating  segments  the  electrodes  would  be  discharged, 
wholly  or  in  part,  according  to  the  conductivitv  of  the  meilium. 
The  electrodes  were,  theiefore,  short-circuited  bv  a  resistance 
(11',  fig.  2)  of  about  16,000  ohms,  ami  this  insured  a  complete, 
instantaneous  discharge  for  insulating  as  well  as  for  con- 
ducting  media.  Thus  the  force  acted  on  the  needle  for  the 
same  relative  time  in  all  cases,  the  circuit  being  broken  for 
about  .,'-,  *>f  <he  whole  time  when  using  the  two-segment 
wheel. 

III.  With  this  :ip])ar:itus,  during  the  months  of  ]\rav,  June, 
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and  July,  a  scries  of  measurements  of  the  force  on  tlie  needle 
in  different  liquids  was  made,  in  which  the  following  circum- 
stances were  Aai'ied  in  turn  : — 

1.  Difference  of  potentials  between  the  electrodes. 

2.  Distance  between  the  electrodes. 

3.  Rate  of  alternations  of  the  current. 

4.  Conductivity  of  the  liquids. 

5.  Temperature. 

1.  Variation  of  Potential  \  Turpentine,  Water,  and  Alcohol. — 
In  the  following  tables  the  numbers  in  the  third  column  are 
proportional  to  the  squares  of  the  potentials  given  in  the 
first  column,  and  the  quotients  of  the  deflexions  by  these 
squares  (column  4)  are  constant  within  the  limits  of  experi- 
mental errors.  These  nearly  constant  quotients  are,  however, 
slightly  smaller  in  all  cases  for  low  potentials.  This  is 
doubtless  due  to  the  index  error  of  0*2  volt,  which  would  be 
appreciable  only  in  the  case  of  the  lower  potentials. 


Table  I. —  Turpentine. 


Potentials,  Y. 

Deflexions. 

V 
Squares  of  ^^j- 

1 

i  Constant  Quotients. 

10  volts. 

•10  cm. 

1 

•10 

20 

■41 

4 

•1025 

30 

•92 

9 

•1022 

40 

1('35 

Ifi 

•1022 

50 

2r>4 

25 

•101(> 

56-7 

3-30 

31-15 

•1027 

Table  XL—  Water. 


Potentials,  V. 

Deflexions. 

Squares  of  -. 

Constant  Quotients. 

5  volts. 

•35  cm. 

1 

•35 

10 

140 

4 

•37 

15 

3-51 

i) 

-390 

20 

(■.•27 

ic. 

-392 

25 

'.»'.»;> 

25 

•397 

30 

14-i:0 

3u 

-394 

35 

19-15 

49 

•391 

40 

24 -80 

(>4 

•389 
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Table  III.— Alcohol. 


Potentials,  V. 

Deflexions. 

bqiiares  oi  ~  . 

Constant  Quotients. 

f)  volts. 

•11  cm. 

1 

-110 

10 

•48 

4 

-120 

15 

1-13 

9 

•1-25 

20 

203 

16 

■127 

25 

314 

25 

•126 

30 

445 

36 

-124 

35 

607 

49 

-124 

40 

7^91 

64 

•124 

45 

9-98 

81 

•123 

50 

12-39 

100 

•124 

55 

1504 

121 

-124 

60-75 

18-45 

147-6 

•125 

From  these  measurements  it  will  appear  that  the  force  is 
accurately  proportional  to  the  square  of  the  potential  for  these 
electrolytes  as  well  as  for  dielectrics. 

Low  Potentials. — With  the  more  sensitive  in.^trument 
described  below,  measures  of  the  force  for  lower  ])0tentials 
were  made.  By  bringing  the  needle  quite  close  to  the  })hites 
(fig.  4)  deflexions  equal  to  those  shown  by  the  other  instru- 
ment were  obtained  by  forces  50  times  smaller.  Two  causes 
tend  to  make  the  readings  less  accurate  than  before.  First, 
since  the  electrodes  are  nearer,  small  inequalities  in  their 
distance  produce  a  relatively  greater  eft'ect.  Second,  the 
force  is  found  to  vary  much  more  for  low  })otentials  with 
ineiiualities  in  the  rate  of  alternation  of  the  current.  The 
following  table  shows,  however,  that  the  force  is  still  propor- 
tional to  the  s([uare  of  the  potential  : — 

Table  IV.— PFafm 


Potential,  V, 

Deflexions. 

Squares  of  V. 

Constant  Quotients. 

: 

•75 

1-0  volt. 

•75  cm. 

i 

1-5 

1-7 

225 

•76                , 

2-0 

30 

4 

•75 

2-5 

4-75 

6-25 

-76 

30 

6-5 

9 

■72 

4  0 

12-5 

16 

-78 

60 

20-0 

25 

•80 

2.  Variation  of  Distance  beticeen  Electrodes. — In  the 
following  tables  the  readings  of  the  deflexions  were  made  in 
the  oriler  of  tlic  preceding  numbers. 
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Table  V.   Turpentine. 

[Constant  potential  of  50  volts.] 


Table  VI.  Alcohol  (temp.  22°-5.) 

[Constant  potential  of  40  volts.] 


Distance 

between 

Deflexions. 

Electrodes. 

cms. 

cms. 

cms. 

0-25 

12    6-12 

0-5 

1 

2.54 

11    2-55 

1-0 

a 

1-05 

10    1-06 

1-5 

.s 

•60 

9      -01 

20 

4 

•40 

8      -39 

2-.'i 

.5 

•27 

7      -27 

oO 

6 

•21 

Distance 

between 

Deflexions. 

Electrodes. 

eras. 

cms. 

cms. 

0-5 

6     19-53 

10 

5       7-68 

7    7-78 

1^5 

4      4-41 

8    4-53 

20 

3      303 

9    306 

2-5 

2      2-21 

10    2-26 

30 

1       1-70 

11     1-76 

The  plate  cannot  be  set  with  anything  lilie  the  accuracy 
with  which  the  distance  between  needle  and  plate  can  be 
maintained  constant,  since  the  motion  of  the  needle  is 
magnified  by  the  telescope  and  scale  over  a  hundred  times. 
Consequently  the  above  measurements  for  variation  of  dis- 
tance at  constant  potential  are  not  as  accurate  as  those  pre- 
viously given  for  variation  of  potential  at  constant  distance. 

If  these  measurements  be  plotted  out  with  distances  and 
deflexions  as  abscissfc  and  ordinates  respectively,  we  get  two 
curves  resembling  equilateral  hyberbolas  ;  and  if  the  ordinates 
of  the  alcohol  curve  be  shortened  eight  times,  the  two  curves 
will  be  almost  indistinguishable.  In  other  words,  the  rate  of 
variation  of  the  force  with  the  distance  between  the  electrodes 
is  the  same  for  turpentine  as  for  alcohol  (and  water),  and  in 
general  is  probably  the  same  for  dielectrics  and  electrolytes. 

3.  Variation  of  Rate  of  Alternation  of  Potentials. — The 
effect  of  change  of  speed  of  the  commutator  is  generally  small 
and  often  inaj)precialjle.  With  water  the  deflexion  is  greater 
at  higher  speeds,  although  for  quite  pure  distilled  water  the 
difference  is  extremely  small.  For  less  pure  water  it  is 
larger,  although  not  often  more  than  2  or  3  per  cent.,  and  is 
probably  due  to  jjolarization  at  the  slower  speeds.  Not  the 
slightest  trace  of  bubbles  aj)pears  on  the  electrodes  when 
using  moderately  pure  water,  but  with  ordinary  hydrant  water 
at  rather  high  potentials  bubbles  appear  at  all  speeds.  The 
needle  is  less  steady  at  very  low  speeds,  and  when  the 
commutator  stops  the  deflexion  changes  considerably  and  is 
uncertain  in  :i mount  except  for  very  low  potentials.  It  then 
dei)ends  also  on  the  direction  of  the  current.  These  [)ht:no- 
nu'iia  were  studied  at  some  length,  but  as  thev  seem  to  have  no 
direct  bearing  on  the  present  question,  further  reference  to 
them  is  omitted. 
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4.  Variation  of  Conductivity. — The  resi-stunce  of"  diiferent 
sanij)l(>s  of  distilled  water  is  very  different,  and  yet  the 
difference  noted  in  the  force  of  attraction  between  the 
electrodes  was  relatively  small,  A  sinc^le  drop  of  a  dilute 
solution  of  copper  sul})hate  was  added  to  a  half  litre  of 
distilled  wat(!r  ;  the  conductivity  was  increased  about  ten 
times  while  the  force  of  attraction  diminished  aljout  lo  per 
cent.  Hydrant  water,  of  comparatively  large  conductivity, 
showed  a  force  10  per  cent,  to  40  per  cent,  less  than  distilled, 
according  to  the  potential,  the  etfect  of  polarization  being 
relatively  greater  at  low  potentials. 

Thus,  as  far  as  the  force  of  attraction  depends  upon  the 
conductivity,  it  seems  to  be  less  as  the  conductivity  is  greater, 
and  that  because  of  polarization.  Could  the  latter  be 
eliminated  in  the  case  of  these  im[)ure  waters,  the  force  would 
probably  be  practicably  independent  of  the  conductivity. 
Polarization  reduces  the  force  of  attraction,  as  it  reduces  the 
current,  in  two  distinct  ways.  First,  by  the  counter-electro- 
motive force  excited  which  diminishes  the  effective  fall  of 
j)otenfial,  and,  second,  by  increasing  the  resistance  at  the 
electrodes.  This  decreases  the  current  by  increasing  the 
total  resistance  ;  but  it  decreases  the  force  not  at  all  because 
of  an  increase  in  the  total  resistance,  but  because  the  addi- 
tional resistance  is  introduced  at  one  or  two  places  and  not 
uniforndv  throughout  the  liquid.  The  result  is  that  the  fall 
of  potential  is  less  in  the  liquid  near  the  needle  than  betbre, 
and  therefore  the  force  on  the  needle  is  less. 

The  effect  of  introducing  between  the  electrodes  a  stratum 
having  a  high  resistance  is  strikingly  shown  in  the  following 
experiments  : — 

A. — A  ])late  of  mica  («i,  ffg.  o,  which  is  a  horizontal 
section  of  the  electrolytic  cell)  was  inserted  between  the  needle 
n  and  the  plate  p,  and  parallel  to  the  latter.  The  following 
observations  were  made,  the  plate  being  set  at  distances  from 
the  needle  given  in  column  3,  the  mica  being  in  each  case 
about  1'5  millim.  tVuni  the  platinum  plate  : — 

Table  VIL—  Water. 


No. 

Potentials. 

1. 

40  volts 

- 

4(1     „ 

:$. 

40     „ 

4. 

40     „ 

Distances.   Deflexions. 


10    cm.  +ir)0  cm. 

1-0      „  +  0-84    „ 

(irt."«    ,.  0-00    ,, 

Oo      „  -  UtkS    „ 


Without  mica  plate. 
Willi  mica  plate. 
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In  numbers  1  and  2  the  distance  and  potential  are  alike, 
l)ut  the  force  is  eighteen  times  greater  without  the  plate  than 
with  it.  This  cannot  be  explained  by  the  simple  fact  that  the 
specific  inductive  capacity  of  mica  is  perhaps  a  dozen  times 
less  than  that  of  water,  for  that  renders  the  equivalent  thick- 
ness of  water  but  a  few  millimetres  greater,  and  so  reduces 
the  force  by  less  than  one  half.  On  account  of  its  compara- 
tively large  conductivity,  however,  tlie  water  on  opposite  sides 
of  the  mica  quickly  becomes  charged  as  shown  *  (fig.  3),  and 
the  entire  fall  of  potential  just  between  the  electrodes  occurs 
in  the  mica.     There  is  then   no   force   on   the   needle  in   the 

dY 
direction  of  x,  — r-   beinfr  zero.      Around  the   ed";es  of  the 
'    dx  '^  ^ 

mica  plate,  however,  there  is  a  fall  of  potential,  and  therefore 

dV        .       .       .  . 
a  force,  -^,  acting  in  different  directions  at  different  points  on 

the  needle.  In  (2)  Table  VII.  the  resultant  of  these  separate 
forces  is  expressed  by  a  deflexion  of  0*84  centim.  toward  the 
plate.  In  (3)  the  resultant  toward  the  plate  is  zero,  while  in 
(4),  the  plate  being  much  nearer  the  needle,  and  therefore  the 
lines  of  force  curved  backward  to  a  greater  degree,  the  force 
is  apparently  repulsive  ;  that  is,  the  resultant  is  in  the  direc- 
tion of  — .f. 

B. — If  now  the  fixed  electrode  be  completely  insulated 
instead  of  merely  shielded  by  the  mica,  there  is  no  appreciable 
force  on  the  needle  for  the  same  difference  of  potential  and 
rate  of  alternation  used  before.  The  2G-part  wheel  of  the 
rotating  conunutator  was  substituted  and  the  speed  increased 
to  30UO  per  minute  ;  this  gave  78,000  reversals  per  minute. 
The  potential  was  increased  to  75  and  90  volts,  and  a  new 
a[)paratus  arranged  with  two  fixed  electrodes  and  a  larger 
double  needle,  as  shown  in  section  in  fig.  4.  The  sensibility 
of  this  instrument  was  many  times  greater  than  the  other,  and 
enabled  me  to  observe  the  very  small  force  exerted  on  the 
needle,  which  it  had  been  seen  must  exist  when  using  in- 
sulated fixed  electrodes  and  alternating  potentials.  For,  just 
after  each  reversal  there  is  a  fall  of  potential  in  the  water 
between  the  needle  and  the  insulated  plate,  and  therefore  a 

t/V        . 
force  -7-   acting  on  each   unit  of  electricity  of  the  charged 

.  .  .    dY  . 

needle.     This  continues  until    ,—   is  reduced  to  zero  by  con- 

dx  '' 

duction,  which  is  accomplished  in  much  less  than  a  millionth 

*  The  current  is  uf  course  ulteru<itiu<r,  and  so  these  charges  as  indi- 
cated in  tlie  tigure  are  reversed  perhaps  titty  times  per  second. 
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of  a  second.  During  the  remainder  of  the  interval  before 
the  next  reversal  there  is  no  force  on  the  needle. 

With  90  volts  the  deflexion  was  only  a  few  millimetres, 
but  the  needle  was  perfectly  steady,  and  readings  were  made 
to  a  tenth  of  a  niiiliiiietre.  For  steady  or  slowly  reversed 
potentials  there  was  no  perceptible  deflexion,  but  above 
10,000  reversals  per  minute  the  deflexion  was  perceptible, 
and  increased  to  a  maximum  of  4'5  millim.  at  78,000  per 
minute,  the  deflexions  being  sensibly  proportional  to  the  speed, 
as  would  be  expected.  This  is  therefore  a  very  difl:erent  case 
from  that  of  uninsulated  electrodes,  where  the  force  is  many 
thousand  times  greater  and  practically  independent  of  the 
speed. 

C. — The  secondary  of  a  Ruhmkorff  coil  was  substituted  for 
the  battery  and  commutator,  and  an  alternating  current  sent 
through  the  primary.  Comparatively  large  deflexions  were 
observed  with  the  same  arrangement  of  insulated  fixed  elec- 
trodes. This  was  due  to  the  much  higher  potentials,  onlv  an 
a[)proximat(;  estimate  of  whose  value  could  be  obtained. 
Owing  to  the  nearly  instantaneous  character  of  the  current 
from  the  liuhmkortf  coil,  a  far  larger  proportion  of  the  elJ'ect 
observed  with  uninsulated  electrodes  would  be  observed  with 
insulated. 

D. — Since  the  small  force  on  the  needle  observed  with  an 
insulated  fixed  electrode  is  due  to  the  conductivity  of  the 
liquid,  the  same  effect  must  occur,  but  in  less  degree,  with 
liquids  of  less  conductivity.  To  show  this,  two  tixed  elec- 
trodes, T  and  T',  were  fastened,  one  to  the  inside  and  the  other 
to  the  outside  surface  of  the  glass  dish  (fig.  5),  and  the  latter 
filled  with  turpentine.  The  fixed  electrodes  are  thus  at  nearly 
etjual  distances  from  the  needle,  and  with  rapiiUy  alternating 
])otentials  the  attraction  was  })racticallv  the  same  whichever 
was  used.  But  for  very  slow  alternations  the  force  diminishes 
slightly,  and  for  steady  potentials  falls  to  zero,  when  using 
the  outer  electrode,  remaining  jiractically  constant  for  the 
inner  electrode.  In  other  words,  when  using  the  outer  elec- 
trode and  steady  potential,  the  turpentine  comes  to  a  uniform 
potential  by  conduction,  and  the  95  volts  fall  of  potential 
occurs  entirely  in  the  glass. 

5.  Variation  in  l^enipei'atnre. — In  ortler  to  iletennine  the 
variation  of  the  force  with  temperature,  the  ajiparatus  (fig.  1) 
was  set  into  a  large  glass  jar,  which  was  then  filled  with  water 
uj)  to  the  ebonite  cover,  e,  or  about  a  centimetre  above  the 
level  of  the  li(iuid  in  the  glass  dish.  The  mirror  remained  in 
view  above  the  to))  of  the  jar.  Using  hot  water  and  ice  as 
needed,  the  teinpei-ature  of  tin-  water-hath  wa>  varied  between 
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3°  and  33°  C,  in  a  few  cases  being  carried  up  to  45°.  As 
soon,  liowever,  as  the  temperature  rose  much  above  tbat  of  the 
surrounding  air,  vapour  condensed  on  the  mirror  and  window 
before  it,  and  thus  rendered  observations  difficult  or  impos- 
sible. In  every  case,  time  was  allowed  for  the  tem})erature 
of  the  liquid  (water  or  alcohol)  to  become  nearly  stationary 
before  observations  were  made  ;  otherwise  convection-cur- 
rents made  the  needle  unsteatly.  However,  it  was  not  possible 
to  keep  the  temperature  perfectly  steady,  and  the  measure- 
ments, which  are  plotted  out  in  Plate  VI.,  figs.  ()  and  7,  are 
not  so  accurate  and  consistent  as  though  made  at  one  tem- 
perature. In  the  case  of  alcohol  the  needle  was  very  unsteady 
above  about  '2&^,  and  several  rough  measurements  (Nos.  3,  4, 
and  9)  made  at  higher  temperatures  are  omitted  from  the 
diagram  ;  but  none  are  omitted  below  2G°,  although  Nos.  5 
and  6  were  somewhat  unsteady.  Ordinates  represent  tem- 
peratures, and  abscissge  represent  the  excess  of  deflexions 
above  4*4  centim.  in  case  of  alcohol,  and  8*0  centim.  in  case 
of  water.  The  observations  were  made  in  groups  in  the  order 
of  the  numbers  on  the  diagram,  and  extended  in  the  case  of 
alcohol  through  a  period  of  twelve  hours.  It  will  be  noticed 
that  the  alcohol  was  carried  several  times  through  the  mven 
range  of  temperature  ;  observations  ISos.  2,  10,  and  16  fall 
closely  together  near  25°,  but  between  Nos.  2  and  10  the 
alcohol  was  cooled  to  1°,  and  between  Nos.  10  and  16  to  3"^ 
(see  fig.  6).  The  observations  fall  upon  a  straight  line  as 
nearly  as  could  be  expected  from  the  circumstances  of  the 
case.  They  indicate  a  rather  large  temperature-coefficient, 
the  force  falling  off  about  10  per  cent,  between  3°  (5*20)  and 
26°  (4*70).  The  conductivity,  on  the  other  hand,  rapidly 
increases  with  the  temperature,  although  no  attempt  was  made 
to  determine  a  value  for  its  temperature-coefficient.  Accord- 
ing to  Foussereau,  the  conductivity  of  alcohol  increases  nearlv 
30  per  cent,  between  3°  and  'M^°. 

In  the  case  of  water  the  observations  do  not  lie  as  clearly 
upon  one  straight  line,  but  the  later  observations  are  nearer 
to  a  second  straight  line  nearly  parallel  to  the  first.  This  is 
believed  to  be  due  to  polarization  effects,  which  increased 
during  the  course  of  the  day,  tlie  observations  having  extended 
over  a  period  of  14  hours.  However,  the  difference  between 
the  first  and  last  measurements  is  scarcely  n)ore  than  one  per 
cent.,  and  the  temperature-coefficient  obtained  from  either  or 
both  combined  will  differ  but  little.  The  force  falls  off"  about 
10  per  cent,  between  3°  and  31°,  a  somewhat  smaller  change 
than  with  alcohol. 

Assuming  the  specific  inductive  ca[iacitv  to  Ijc  proportional 
I'liil.  May.  S.  5.  Vol.  31.  Ko.  li)0.  Mur.  1^91.  Q 
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to  tho  force,  wo  have  the  foUowinn;  expressions  for  the  tein- 
peruture-coefficients  : — 

For  Alcohol,  ^  .  ^=  --"046  for  T  =  20°  C. 
For  Water,  ^  .  ^^=  -'OU^.'^  for  T=2()°  ( '. 

Values  of  K. 

IV.  The  value  of  K  for  any  liquid  may  be  determined  by 
takino;  the  ratio  of  the;  force  on  the  needle  at  a  given  distance 
from  the  fixed  electrode  for  a  given  potential,  the  m^'dium 
being  the  given  liquid,  to  the  force  on  the  needle  for  the  sime 
distance  and  potential,  the  medium  being  air.  Since  the 
needle  lies  wholly  upon  one  side  of  the  axis  of  suspension,  the 
latter  is  slightly  displaced  when  the  needle  is  immersed  in  a 
licjuid,  owing  to  tho  buoyancy  of  the  liquid.  This  displace- 
ment is  in  a  vertical  plane  passing  through  the  centre  of 
gravity  of  the  whole  suspended  mass  and  the  centre  of 
gravity  of  the  displaced  liquid  ;  and  if  this  j)lane  is  not 
parallel  to  tho  plate,  the  distance  between  needle  and  plate 
will  be  thereby  slightly  altered.  To  avoid  any  error  due  to 
such  a  cause  the  needle  was  placed  between  two  similar  plates 
15  millimetres  apart,  and  the  double  deflexions  noted  as  tlie 
needle  was  alternately  joined  to  either  plate,  the  oth(^r  i)eing 
at  a  different  potential.  Tlu!doul)le  tleflexion  was  found  to  be 
constant  for  any  ])osition  of  the  needle  near  the  centre,  so 
that  no  error  could  arise  from  small  displacements  due  to  the 
above  cause.  The  results  showed  a  slightly  different  value 
for  the  ratio  sought  than  that  found  with  a  single  plate,  but  the 
difference  was  so  small  thaf  no  a})preciable  error  is  believed 
to  occur  in  comparisons  of  liquids,  due  to  different  specifi(; 
gravities. 

The  needle  was  so  constructed  that  in  water,  alcohol,  or 
light  oils  it  Avas  nearly  dead-beat  while  yet  moving  quickly. 
A  brass  weight  attached  just  below  the  mirror  rendered  the 
suspension  very  stable,  and  when  air-currents  were  excluded, 
the  ncK'dlc^  would  take  uj)  a  perfectly  definite  zero-position,  to 
which  it  would  usually  return  without  a  deviation  of  a 
thousanilth  of  a  millimetre.  To  render  the  neeille  equally 
stable  and  dead-beat  in  the  air,  a  special  damper  (a  vane  of 
])latinum  hanging  in  oil)  was  attached  in  the  axis  of  rotation. 
Diamond  Whitci   headlight  oil  *  was  chosen  as  a  favourable 

•  This  is  a  liijrli  grade  of  refined  petroleum. 
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liquid  to  com[)are  with  air,  and  to  use  as  a  standard  of  com- 
parison with  other  hqnids.  The  platinum  dampm-  was  cut  off 
after  the  comparison  liad  been  made,  and  the  force  on  the 
needle  in  the  oil  was  unaltered  ;  thus  no  error  was  introduced 
by  the  presence  of  the  damper.  The  following  observations 
in  detail  are  given  as  specimens  to  show  the  accuracy  and 
uniformity  in  the  measurements.  The  case  of  the  oil  is 
above,  and  that  of  the  air  below  the  average  in  these  respects. 

Table  VIII.— /1/r. 
Difference  of  Potential,  4o'8  volts. 


No. 

Scale-Eeadings. 

Differences = 
Double  Deflexions. 

Centimetres. 

Centimetres. 

1. 

54-10 

2. 

52-65 

1-47 

3. 

5413 

4. 

52-65 

1-48 

o. 

5414 

6. 

52-68 

1-48 

7. 

54-17 

8. 

52-69 

1-48 

9. 

54-18 

10. 

52-70 

1-49 

11. 

54-19 

12. 

52  70 

1-40 

13. 

5419 

14. 

52-70 

1-49 

15. 

5419 

Meiiu...  1-483           | 

Table  IX.— L>.  W.  HeadUtikt  Oil. 
Difference  of  Potential,  29-b  *  Volts. 


No. 

Scale-Readings. 

Differences  = 
Donblo  Deflexions. 

Centimetres. 

Centimetres. 

1. 

54-40 

2. 

52-95 

1-45 

3. 

54-40 

4. 

52-95 

1-45 

5. 

54-40 

6. 

52-95 

1-45 

7. 

54-40 

8. 

52-95 

1-45 

9. 

54-40 

1 

*  TliH  voltmeter  was  kept  at  44-0  and  300  respectively,  but  there  ia 
an  inde.x  error  of  0-2. 

Q2 
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Following  are  the  means  of  several  such  series,  made  in 
the  order  given  : — 

Table  X. 


No. 

Double  Deflexions.     ' 

1 

1. 

D.W.H.  Oil  29-8  volts. 

1-450  cms. 

2. 

Air,  43-8  volts. 

1-482 

3. 

do. 

1-473 

4. 

do. 

1-472 

5. 

do. 

1-438 

6. 

do. 

1-471 

7. 

do. 

1-430 

8. 

do. 

1-436 

Means 

1-438 

1-474 

Each  of  the  numbers  given  in  the  columns  of  deflexions  is 
the  mean  of  several  separate  measurements. 
We  have  : — 

in  air,  Y  =  MY^, 
andinoil,  Fi  =  AKiVi2, 

where  F  and  F]  are  the  forces  in  air  and  oil  respectively, 
V  and  Vi  the  potentials,  A  is  a  constant^  Ki  =  specific  induc- 
tive capacity  of  the  oil,  and  k=\. 

V'_  1-438    /43-8V_oii 


^~  F  •  Vi^' 


1-474 


at   24°  C,  the  specific  inductive  capacity  of  Diamond  White 
Headlight  Oil. 

Water. 
The  means   of  three  series  of  measurements  of  the   force 
for  19-8  volts  at  25°  were   11-88,   11-80,   11-89.      Mean  = 
11-86  =  F.     Mean  for  44*8  volts  in  D.  W.  H.  Oil  =  l-69  =  Fi. 


K_K  I-  Ii!--iixil:^xrii*^'^' 


^T  =  75-7  = 
9-8/ 


specific  inductive  capacity  of  Water  at  25°  C. 

The  following  is  a  list  of  several   liquids  with  the  corre- 
sponding values  of  K  determined  in  this  manner  : — 

Values  of  K  for  Liquids. 


Water  at        

25°  C. 

75-7 

Alcohol           

25° 

25-7 

iSperm  oil       

20° 

3-09 

Benzine           

21° 

2-45 

Turpentine,  commercial 

18°-G 

2-43 

"Neutral"  petroleum   ... 

21° 

2-2G 

D.  W.  Headlight  oil     ... 

24° 

2-11 
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Summary. 

V.  (ci)  The  expression  for  the  force  between  two  electrodes 
having  a  homogeneous  medium  between  them,  thus  forming  a 
condenser,  is  of  the  form 

F  =  AKV2. 

For  a  given  liquid  and  given  electrodes  at  a  constant  distance 
F  is  proportional  to  V^.  This  is  found  to  hold  for  electro- 
lytes as  well  as  dielectrics  through  the  wide  range  of  poten- 
tials employed. 

(b)  When  the  potentials  and  medium  are  constant  and  the 
distance  between  the  electrodes  varied,  the  value  of  F  in  the 
above  equation  varies  in  a  manner  sensibly  independent  of 
the  nature  of  the  medium,  depending  only  on  the  capacity  of 
the  condenser. 

(c)  When  the  speed  of  the  conmiutator  changes,  the  force 
is  but  slightly  altered,  unless  the  electrolyte  is  a  fairly  good 
conductor.  In  the  latter  case  the  force  is  diminished  as  the 
speed  is  reduced,  owing  to  polarization.  There  is  a  small 
change  in  the  force  with  turpentine  due  to  variation  of  speed, 
although  none  in  the  case  of  air.  With  turpentine,  as  with 
pure  water  and  alcohol,  the  change  is  very  small,  the  force 
being  greater  in  every  case  with  higher  speeds. 

(d)  When  the  conductivity  of  distilled  water  is  increased 
by  adding  hydrant  water  or  minute  quantities  of  acid  or 
copper  sulphate,  the  force  is  not  greatly  altered,  although  the 
current  increases  many  times.  The  force,  however,  decreases, 
which  is  believed  to  be  due  to  polarization.  Were  the  latter 
wholly  eliminated,  the  force  would  jjrobably  remain  unaltered  ; 
at  most  it  could  difller  but  little. 

{e)  When  the  temperature  rises,  other  circumstances  re- 
maining unaltered,  the  conductivity  increases  while  the  force 
decreases,  the  rate  being  constant  or  nearly  so  within  the 
range  of  experiment.  This  decrease  in  the  force,  however, 
cannot  be  accounted  for  by  ])olarization,  for  the  increase  of 
conductivity  is  not  sufficient  to  make  an  appreciable  difference 
in  polarization  effects.  This  is  further  proved  by  the  fact  that 
the  force  is  immediately  increased  by  a  small  decrease  in  the 
temperature,  the  curve  returning  upon  itself,  while  if  it  were 
a  case  of  polarization,  the  curve  would  more  resemble  th(^ 
hysteresis-curve  of  magnetization. 

VI.  The  almost  complete  agreement  between  the  behaviour 
of  the  given  electrolytes  and  that  of  dielectrics  seems  to  show 
that  the  force  acting  on  the  needle  is  wholly  independent  of 
the  quantity  of  current  and  of  the  conductivity  of  the  meilium 
and  it  is  difficult  to  conceive  how  the  force  and  conductivity 
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can  be  due  to  a  common  cause  or  property  of  the  liquid  when 
their  variations  are  so  discordant  in  si<^n  as  well  as  in  magni- 
tude. This  may  be  better  seen  perhaps  l)y  putting  the  expres- 
sion for  the  force  into  mathematical  form,  and  noting  the 
consequences  of  the  assunij)tion  tliatthe  force  depends  in  some 
way  uj)on  the  quantity  of  current. 

Let  us  then  assume  that  the  large  force  of  attraction  ob- 
served in  the  cases  of  water  and  alcohol  is  the  resultant  of 
two  effects,  due  respectively  to  the  induction  (which  is  propor- 
tional to  the  true  specific  inductive  capacity)  and  the  conduc- 
tion or  quantity  of  current  passing  ;  and  that  the  second  effect 
is  large  in  proportion  to  the  first.     We  may  then  write, 

F  =  AKV2  +  ac,        (1) 

wliere  F  =  the  resultant  force  on  the  movable  ])late  of  the  con- 
denser, 
V  =  the  difference  of  potential  between  the  plates, 
K  =  the  true  specific  inductive  caj)acity, 
A  =  a  constant  depending  on  the  geonietry  of  the  con- 
denser, 
r  =  the  current, 

a  =  an  undetermined  coefficient. 
AVe  may  write  equation  (1)  as  follows  : — 

F  =  AKV2+/3Y,    or^^=AK  +  |. 

F 

Now  experiment  shows  (see  Tables  II.,  III.,  IV.)  that  — 

is  constant  for  a  given   liquid,  and  hence  y8  is  either  zero  or 
})roportional  to  V.     Suppose  it  is  not  zero.     Then 

F  =  AKV2  +  /8,y2, (2) 

or  F  =  AKV2  +  aiC^ (3) 

Thus  the  second  term,  if  it  is  not  zero,  is  proportional  to  the 
square  of  the  cnrient  ;  ai  being  an  undetennined  eoi'fficient. 
Now   we  have    for    the   case   of  a   homogeneous    medium 
between  the  plates  of  a  condenser  the  following  equations  : — 

i=?=-vn'2/'^' (^) 

where  Ci  is  the  capacity  of  the  condenser   whose  uu'dium  has 
a  specific  inductive  ciipacity  K  ;  and  ^    is   the   conductivitv 


F  =  AKV2+a,,-*;^, 
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of  the  condenser,  the  medium  having  a  specific  conducti- 
vity K. 

-7-       K  1      47r/cCi      .      ^, 

ix 

where  C2  is  the  capacity  of  the  condenser  Avitli  air  as  dielec- 
tric. Neglectino;  polarization  effects,  which  in  these  experi- 
ments were  usually  neglioible,  equation  (3)  becomes 

or  F  =  AKV2  +  ai(47rA:CoV)2 (6) 

For  convenience  we   may   take  the  case  of  a  guard-ring 

9    p  2 

condenser,  in  which  case  the  value  of  A  is  — r^,  S  being  the 

IS     '  '^ 

area  of  the  disk.     Then  equation  (6)  becomes 

F  =  ?^C,n^^^K  +  aM'], (7) 

where  L  =  S7r^,  a  constant  numerical  factor,  a^  is  our  unde- 
termined coefficient ;  we  only  know-  of  it  that  it  is  indepen- 
dent of  V.  We  should  expect  it,  however,  to  be  a  constant, 
at  least  for  a  given  liquid.  By  assumption,  uiLk^  is  large 
compared  with  K,  so  that  any  considerable  change  in  F  would 
be  due  chiefly  to  a  change  in  a^hK^. 

Experiment  shows  that  when  C2  is  altered  by  varying  the 

F 

distance  between  the  plates,  -p^  is  constant.     Hence  a^  is 

independent  of  Co. 

When  a  very  small  quantity  of  acid  or  salt  is  added  to  the 
liquid,  K  is  increased — in  a  particular  case  about  ten  times. 
F  was  found  to  be  but  slightly  altered  ^.  Therefore,  since  k^ 
was  increased  100  times,  aj  must  have  decreased  100  times, 
u^K^  remaining  constant.  We  have  thus  found  that  a,  is 
independent  of  V  and  Co,  and  is  inversely  proportional  to  k-. 

When  alcohol  is  heated  from  0°  to  26°,  the  force  falls  off 
10  per  cent  (see  fig.  6).  But,  according  to  Foussereau  t, 
K  in  this  case  increases  about  30  per  cent.,  or  k^  09  per  cent. 
We  know  that  the  change  in  F  due  to  chanoe  iu  K  is 
small,  when  K  is  small  compared  with  aJjK^.     Hence  «i  is  no 

*  This   asMuiies   that   the  obi?cnt.'d   diiiiiimtion  was   chiefly  due   to 
pohirizatiuii,  -which  is  very  probable. 
t  Journ.  de  Physique,  18ti5. 
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longer  inversely  proportional  to  ac^,  but  decreases  niorerajtidly 
than  K^  increases. 

Thus  the  conditions  which  the  function  aj  must  fulfil  are 
not  only  what  we  should  not  expect,  but  are  actually  incon- 
sistent. Turniuf^  now  to  the  other  alternative,  namely,  that 
fS  is  zero  (and  tluM'efore  a  and  a.^  are  zero),  we  have  the  force 
expressed  by  F^AKV^,  an  expression  whicli  applies  equally 
to  dielectrics  and  electrolytes.  In  both  cases  K  is  independent 
of  A  and  V,  as  we  have  seen.  It  chanties  little  if  any  with  a 
variable  conductivity,  butchanges  notably  withtheteinperature. 
The  only  other  determinations  of  temperature-coefficients 
which  I  have  seen  are  those  of  W.  Cassie  *,  made  at  the 
Cavendish  Laboratory.  He  worked  with  a  number  of  solid 
and  liquid  dielectrics,  for  the  most  part  between  about  15° 

1  ^K 

and  50°  or  60°  C.     Here  are  his  mean  values  of  y^-jtt,  : — 


Solids. 

Liquids. 

Mica  . 

. 

+  -0003 

Turpentine 

-•0011 

Ebonite 

. 

+  -0004 

Carbon  bisulphide 

-•0040 

Glass 

•      .      . 

+  •0012 

Glycerine  . 

-•005«j 

5> 

+  -0020 

Benzoline  .     .     . 
Benzine      .     .     . 
Olive  oil 
Paraffin  oil 

-•0011 
-•0013 
-•0024 
4-  -0023 

We  notice  that  the  solids  and  paraffin  oil  have  positive 
coefficients,  while  all  the  other  li(piids  have  negative  co- 
efficients, like  water  and  alcohol.  Further,  the  values  of  the 
temperature-coefficients  for  water  and  alcohol  are  not  only  of 
the  same  order  of  magnitude  as  tliose  for  the  given  liquid 
dielectrics,  but  l)oth  (  -^0038  and  —  •004G)  fall  within  the  limits 
of  the  series,  water  having  a  value  less  than  carbon  bisulphide 
and  glycerine  and  greater  than  turpentine,  benzoline,  benzine, 
and  olive  oil. 

VII.  It  is  very  convenient  to  think  of  the  force  acting  on 

the  needle  as  due  to  a  given  charge  tending  to  flow  down  a 

</V 
given  slope  of  potential.      Letting  -7-    represent  the  resultant 

slope  of  ]iotential,  the  displacement  over  the  surface  of  the 

needle  is  AjK -,   ,  Ai  being    a    constant   depending  on  the 

needle,  and  K  a  constant  depending  on  the  medium.  One 
can  just  as  readily  imagine  this  displacement  occurring  in  a 
condiu'tiiig  as  in  a  non-condiicting  medium.     Indeed,  Maxwell 

*  Proc.  Rov.  Soc.  vol.  xlvi.  (18S5)).  p.  iVu,  iiud  Phil.  Trans.  1889. 
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says  *  that  this  inductive  capacity  probably  exists  in  all 
bodies  f-  The  capacity  of  a  condenser  consisting?  of  two 
electrodes  immersed  in  a  conductino;  medium  cannot  be  mea- 
sured by  dischargino;  its  accumulated  charfre  through  a 
galvanometer,  and  noting  the  deflexion  of  a  magnetic  needle. 
But  it  is  as  directly  measured  by  noting  the  force  which  this 
constant  (but  continually  renewed)  charge  exerts  as  it  tends 
to  flow  down  a  given  slope  of  potential.  The  conductivity  of 
water  depends  mainly,  if  not  wholly,  upon  its  impurities,  which 
form  in  the  case  of  distilled  water  an  indefinitely  small  part  of 
its  bulk.  The  inductivity,  on  the  other  hand,  is  a  property  of 
the  water  itself,  and  hence  ought  not  to  be  a])preciably  modified 
by  small  quantities  of  foreign  substances,  though  it  might  be 
greatly  different  if  they  constituted  a  large  part  of  its  bulk. 
We  may  thus  think  of  conduction  and  induction  producing 
their  separate  effects  side  by  side,  the  former  not  affecting  the 

latter.     Conduction  may,  however,  affect  the  force  AjK  (  -7—  j 

dY 
by  modifying  -^  through  polarization,  not  by  changing  K. 

That  Maxwell's  criterion  of  the  equality  of  the  specific 
inductive  capacity  to  the  square  of  the  index  of  refraction  is 
so  far  from  l)eing  fulfilled  in  the  case  of  water  and  alcohol,  is 
not  a  serious  objection  to  the  notion  that  electrolytes  possess 
a  real  specific  inductive  ca{)acity.  For  comparatively  few 
substances  is  K  =  n^  within  the  limits  of  experimental  error. 
Glass  among  solid  and  castor  oil  and  ether  among  liquid 
dielectrics  are  notable  exceptions.  These  are  usually  explained 
by  supposing  that  the  electrical  displacements  in  these  di- 
electrics are  much  greater  iu  a  second  or  even  a  millionth  of 
a  second  than  they  would  be  in  periods  of  10"^'^  sec,  a 
thousand  million  times  shorter,  such  as  the  period  of  light. 
J.  J.  Thomson  X  has  recently  shown  that  for  periods  of 
4  X  10~®  sec.  the  value  of  K  for  glass  is  very  much  nearer  to 
n^  than  for  longer  periods,  and  there  is  good  reason  for 
believing  that  K  for  periods  equal  to  those  of  light-waves 

*  Electricity  and  Magnetism,  vol.  i.  p.  5.3. 

t  It  is  scarcely  necessary  to  point  out  that  the  habit  of  reckoning  the 
specific  inductive  capacity  of  metals  as  infinite  when  calculating  the 
"  reduced  thicliuess  ''  of  the  stratum  between  the  plates  of  a  condenser 
does  not  at  all  imply  that  if  metals  have  a  specific  inductive  capacity 
it  must  be  infinite  or  even  large.  Because  of  ttieir  conductivity  there  is 
an  instantaneous  distribution  of  electricity  such  that  there  is  no  fall  of 
potential  in  passing  through  the  plate  of  metal ;  and  this  is  what  would 
happen  if  the  metal  had  an  infinite  specific  inductive  capacity  and  zero 
conductivity. 

X  I'roc.  koy.  Soc.  vol.  xlvi. 
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would  <'f|iial  ')i^.  The  electrical  behaviour  of  ijlass  has  been 
conijiared  with  the  mechanical  behaviour  of  pitch,  which  is 
elastic  to  forces  actintf  throu<^h  short  periods  such  as  those  of 
sound,  but  viscous  to  forces  of  long  periods.  If  we  accept 
this  very  reasonable  explanation  for  glass,  we  at  once  extend 
it  to  the  large  class  of  liquids  of  various  degrees  of  insulating 
power  called  dielectrics,  and  for  which  K  is  greater  than  n^, 
and  also  to  that  group  of  alcohols  and  their  derivatives  which 
Tereschin*  has  investigated,  and  for  which  the  values  of  K 
vary  from  2  to  32.  It  is  but  another  step  to  water  with 
a  value  of  K  in  the  neighbourhood  of  75.  One  can  easily 
imagine  that  for  electrical  stresses  of  a  period  1U~^^  sec. 
K  can  equal  ifi',  that  is,  be  less  than  2,  and  possess  a  tem})e- 
rature-eoefhcient  equal  to  that  of  n^. 

That  a  thing  is  conceivable  and  that  it  is  demonstrated  are 
not  equivalent.  Nevertheless  the  behaviour  of  water,  alcohol, 
and  other  conducting  liquids,  as  cited  in  the  foregoing  pages 
and  as  given  by  other  observers,  seems  to  me  to  attbrd  very 
strong  reasons  for  attributing  to  these  electrolytes  a  yenuine 
specific  inductive  capacity. 

This  investigation  was  carried  on  under  the  general  direction 
of  Prof.  A.  L.  Kimball,  of  the  Johns  Hof)kins  University. 
The  experiments  were  made  at  the  Physical  Laboratory  of  the 
University  of  Wisconsin  ;  and  I  take  pl<;asure  in  acknow- 
ledging my  obligation  to  Prof.  J.  E.  Davies,  who  generously 
placed  at  my  disposal  the  utmost  resources  of  his  laboratory, 
and  who  furnished  me  with  the  beautiful  rotating  commutator 
which  was  constructed  from  my  design  in  the  University 
machine-shops. 

Johus  Hopkins  University, 

JJaltiniore,  Dec.  20,  1890. 

Note,  added  January  1-4,  1891. — It  is  well  known  that  a 
dielectric  in  a  non-uniform  electric  field  tends  to  move  toward 
regions  where  the  force  is  greater  or  less  (like  magnetic  and 
diamagnetic  bodies  in  a  magnetic  field),  according  as  the 
specific  inductive  ca})acity  of  the  body  is  greater  or  less  than 
that  of  the  medium  in  which  it  is  placed.  For  example,  if 
the  body  is  glass  (K  =  6  to  10),  it  will  tend  to  move  toward 
places  where  the  force  is  greater  in  such  media  as  air  and 
other  gases  and  in  turpentine,  oils,  and  most  liquid  dielectrics. 
But  in  alcohol,  water,  and  other  liijuids  having  larger  specific 
inductive  ca[)acities  we  should  expect  it  to  move  in  the 
opposite  direction. 

*  Wied.  Amt.  IW.  xxxvi.  S.  7!>J  (1889). 
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Experiments  upon  wliicli  I  have  been  eno-aged  siiicv;  tlie 
above  ])aper  has  been  in  type  fully  confirm  these  expectations. 
Preliminary  measuiements  show  that  the  force  with  which 
the  olass  suspended  in  water  tends  to  move  toward  the  weaker 
parts  of  the  field  is  several  times  greater  than  that  with  which 
it  tends  to  move  toward  the  stronger  parts  of  the  field  in  air, 
and  that,  other  things  being  the  same,  this  force  is  jtropor- 
tional  to  the  square  of  the  electric  force. 

A  conductor,  on  the  contrary,  tends  to  move  toward  the 
stronger  parts  of  the  field  for  all  media,  with  a  force  many 
times  greater  in  water  than  in  air  or  oil.  Increasing  the 
conductivity  of  the  water  does  not  appreciably  alter  the 
force. 

A  new  piece  of  apparatus  is  being  constructed,  and  when 
finished  accurate  measurements  wall  be  made  of  the  force  on 
the  suspended  body  in  these  several  cases.  The  preliminary 
results  are  of  interest,  however,  as  confirming  the  conclusions 
of  the  foregoing  paper  that  water  and  other  conducting 
liquids  have  a  true  specific  inductive  capacity. — E.  B.  R. 


XXV.  Experiments  in  Photoelectricity.  By  George  M. 
MiNCHiN,  M.A.,  Professor  of  Mathematics  in  the  Royal 
Indian  Engineering  College,  Coojjers  Hill*. 

"TVTEAR  the  beginning  of  the  year  1877  I  commenced  a  long 
-L^  series  of  investigations  in  Photoelectricity,  and  I  was 
not  then  aware  that  M.  Becquerel  had  previously  worked  at 
this  subject  and  had  obtained  some  results  which  I  also  ob- 
tained independently.  In  the  spring  of  1 880  I  made  a  verbal 
connnunication  to  this  Society,  illustrated  by  experiments,  on 
the  generation  of  electric  currents  by  the  action  of  light  on 
silver  plates  which  were  coated  with  collodion  and  gelatine 
emulsions  of  bromide,  chloride,  iodide,  and  other  salts  of  silver, 
as  well  as  with  cosine,  fluorescine,  and  various  aniline  dyes. 
A  short  summary  of  these  results  appears  in  the  Report  of  the 
meeting  of  the  British  Association  that  year  at  Swansea. 
The  chief  object  which  I  had  then  in  view  in  prosecuting  such 
experiments  was  the  solution  of  the  problem  of  producing  a 
photographic  image  of  an  object  at  a  distance  by  means  of  an 
instrument  which  is  still  imaginary  and  which  I  projwsed  to 
call  a  telejjhotograph. 

As  these  experiments  have  never  been  published  in  ade- 
quate detail,  I  propose  to  begin  this  pa])er  with  an  account  of 
them. 

•  Commuuicated  by  the  Physical  Society:  read  January  lU,  ISttl. 
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Silver  Plates. 

Let  two  strips  of  cleaned  silver  foil  l)e  each  fastened  on  a 
plate  of  glass,  by  means  of  pitch  or  other  suitable  substance  ; 
take  some  finely  powdered  chloride  of  silver  and  shake  it  up 
well  in  a  test-tube  containing  collodion,  the  emulsion  being, 
of  course,  screened  from  light  by  a  covering  of  black  paper 
on  the  test-tube  ;  pour  a  thin  coating  of  the  emulsion  over 
both  silver  plates  in  the  dark  ;  and  when  the  films  have  set, 
immerse  both  plates  in  a  glass  A'essel  containing  distilled 
wat(!r  with  a  few  grains  of  common  salt;  screen  one  plate 
completely  ;  and  then  connect  the  plates  with  the  terminals 
of  a  Thomson  galvanometer.  A  disturbing  current  will,  of 
course,  be  produced  ;  but  if  the  plates  are  very  nearly  alike, 
this  current  will  be  small  and  will  soon  almost  disappear. 

Now,  on  exposing  the  unscreened  plate  to  light,  a  current 
will  be  produced,  and  the  exposed  plate  is  negative  to  the  un- 
exposed (/.  (?.,  as  coi)j)er  to  zinc). 

The  direction  of  the  disturl)ing  current  is  not  in  any  way 
related  to  the  direction  of  the  current  produced  by  light — as 
is,  indeed,  a  priori  evident. 

If  the  ])lates  are  coated  with  an  emulsion  of  bromide  of 
silver,  the  liquid  being  distilled  water  with  a  few  grains  of 
bromide  of  potassium,  the  exposed  plate  is  made  also  negative 
with  res})ect  to  the  unex[)osed  by  the  action  of  light. 

If  the  plates  are  coated  with  iodide  of  silver  by  first  ])0uring 
a  layer  of  iodized  collodion  over  them,  and  then  immersing 
them  in  a  nitrate  of  silver  bath,  the  liquid  being  water  with  a 
few  grains  of  iodide  of  potassium,  we  obtain  a  reversal  of  the 
nature  of  the  exposed  })late  ;  /.  e.  the  action  of  light  makes 
the  exposed  plate  positive  Avith  respect  to  the  unexposed. 

By  ])lacing  coloured  glasses  in  front  of  the  exposed  plate 
in  each  of  these  cells,  it  was  found  that  the  red  rays  produced 
com ])aratively  feeble  currents,  while  the  currents  produced  by 
the  blue  and  violet  rays  were  very  great ;  but  the  directions 
of  the  currents  were  the  same  for  all  rays. 

A  somewhat  different  result  was  obtained  when  the  |)lates 
were  coated  with  an  emulsion  of  sulphide  of  silver,  the  liquid 
being  water  with  a  few  grains  of  sulphate  of  potash.  The 
exposed  plate  is,  as  in  the  case  of  iodide  of  silver,  positive. 
In  this  cell  the  directions  of  the  currents  were  the  same  for 
rays  passing  through  all  the  coloured  glasses  ;  but  the  strength 
of  the  current  was  very  much  less  for  rays  passing  through 
the  green  glass  than  for  the  rays  at  each  side  of  the  green. 

AVhen  the  plates  were  coati'd  with  an  emulsion  of  nitrate 
of  silver  and  gelatine,  the  water  containing  a   few  grains  of 
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nitrate  of  bariuin,  the  exposed  plate  was  positive,  the  effect  of 
the  red  rays  being  exceedingly  small  and  that  of  the  blue  very 
great. 

Photographic  Effect  of  the  Current. — A  fact  of  very  great 
importance  in  this  subject  is  that  which  relates  to  the  action 
of  an  electric  current  which  passes  through  a  photographic 
layer  on  a  plate. 

Two  silver  plates,  each  coated  with  a  film  of  Liverpool 
emulsion  (bromide  of  silver),  were  immersed  in  a  tumbler 
containing  distilled  water  and  a  few  grains  of  bromide  of 
potassium.  One  of  these  plates  was  connected  with  the  zinc 
and  the  other  with  the  carbon  pole  of  a  bichromate  cell.  The 
current  was  allowed  to  pass  through  the  plates  for  a  few 
seconds^  with  the  following  results  : — 

(1)  The  plate  connected  with  the  carbon  pole  was,  without 
the  employment  of  any  developer,  visibly  blackened  in  its 
immersed  part. 

(2)  No  visible  change  took  place  on  the  other  plate  ;  but 
when  the  plate  was  developed,  by  pouring  over  it  the  usual 
pyrogallic  acid  developer,  its  immersed  portion  was  also 
blackened. 

The  photographic  result  was  also  obtained  when  the  bichro- 
mate cell,  which  originated  the  current,  was  replaced  by  a 
photoelectric  cell  exposed  to  light.  A  vessel  containing  dis- 
tilled water  and  a  small  quantity  of  bromide  of  potassium  was 
placed  in  a  dark  room ;  in  this  vessel  were  immersed  (or 
partially  immersed)  two  silver  plates  S',  V,  the  first  coated 
with  a  film  of  Liverpool  emulsion,  the  second  uncoated.  These 
plates  were  connected  by  insulated  wires  with  the  plates,  S,  V, 
of  a  glass  cell  containing  water  and  a  small  quantity  of 
common  salt,  the  plate  S  being  coated  with  a  layer  of  a 
chloride  of  silver  emulsion,  and  the  plate  V  being  uncoated. 
Magnesium  light  was  then  allowed  to  fall  on  the  plate  S  of 
this  latter  cell  for  a  lew  minutes.  Now,  whether  S'  was 
connected  with  S  or  with  V,  the  plate  S'  when  taken  out  of 
the  vessel  and  developed  was  very  sensibly  blacker  on  its 
immersed  portion  than  on  the  unimmersed.  The  action  on 
the  plate  S'  was  assisted  by  exposing  it  for  about  ten  seconds 
to  gaslight  before  the  photoelectric  current  of  the  exposed 
cell  was  })assed  through  it.  The  efiect  is  undoubtedly  due  to 
the  action  of  the  current,  because  when  the  plate  S'  was  left 
innnersed  in  its  cell  for  twenty  hours  and  then  developed,  no 
blackening  effect  was  produced. 

Not  only  is  this  photographic  effect  of  the  current  impor- 
tant, but  it  is  also  important  to  prove  that  the  effect  on  a 
sensitized  plate   is   strictly   confined   to   those   portions  of  it 
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throuo;li  -wliicli  a  current  passes  ;  and  to  establish  this  fact 
moHi  fully  the  following;  experiment  was  made  : — 

On  a  glass  plate,  ABCD,  were  cemented,  close  together 
but  not  in  contact,  several  strips  of  silver  foil,  a,  />,  c,  d,  .  .  ., 
the    whole     j)late    being    uniformly  pjp.  j 

coated  with  a  film  of  Liverpool  emul- 
sion ;  two  or  more  of  the  silver  strips, 
a,  c,  were  put  into  the  circuit  of  a 
bichromate  cell,  the  other  strips,  h,  d, 
being  left  out  of  the  circuit.  This 
glass  plate  with  its  strips  Avas  half 
immersed  in  a  vessel  of  water  in  pre- 
sence of  another  silver  plate,  and  the 
current  was  passed  for  a  few  seconds.  7^  /^    c  d 

On    removing    the    sensitized    plate     A 
from    the    vessel    and    applying    the 

developer,  the  blackening  took  place  only  on  those  strips 
which  were  metallically  thrown  into  the  circuit,  and  only  on 
the  immersed  portions  of  those  strips. 

I  made  use  of  this  principle  in  an  attempt  to  transmit  an 
image  of  a  simple  figure  to  a  distance  ;  but  the  arrangements 
were  so  ditficult  that  the  success  attained  was  small,  and  I 
must  leave  the  matter  for  renewed  trial. 

Eosine. — Comparatively  strong  currents  are  obUiined  by 
coating  a  silver  plate  with  an  emulsion  of  eosine  and  gelatine, 
and  the  currents  are  strengthened  by  allowing  the  film  to 
set  thoroughly  on  the  plate.  i3ut  such  a  plate  has  the  draw- 
back that  the  eosine  readily  leaves  the  film  and  comes  into 
the  litjuid.  This  passage  of  the  eosine  may  be  delayed  by 
])Ouring  a  layer  of  collodion  over  the  dry  gelatine  film.  By 
the  action  of  light,  this  ])late  is  rendered  negative  to  tlie  un- 
exposed plate. 

When  daylight  was  allowed  to  fall  on  this  plate,  any 
variation  of  tlie  light  ciiused  bv  a  j>assing  cloud,  or  the  inter- 
]»osition  and  withdrawal  of  \\w.  hand  in  front  of  the  cell,  was 
at  once  accompanied  by  a  variation  of  the  current  strength  ; 
and  the  same  thing  is  true  for  all  the  cells  previously  de- 
scribed ;  but  no  v;iriations  of  sufiicient  rapidity  are  produced 
to  affect  a  telephone,  although  the  make  anil  break  of  the 
current  itself  is,  of  course,  amplv  sutHi'ient  to  do  so. 

Th(^  |)hotograjthic  action  on  a  bromide-of-silver  plate  placed 
in  a  cell  in  a  dark  room  and  connected  with  one  of  the  ])oles 
of  an  eosine  cell  was  effected  by  the  current  generated  by 
daylight  in  the  latter  without  ;iny  ]ireliminary  exposure  of 
the  bromide  plate  to  gaslight. 

A  very  curious  case  oi  incirsion  o/  the  current   j)roduced  by 
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light  was  observed  in  a  coll  containing  eosin(^  in  solution  ; 
and  as  the  same  effect  was  occasionally  observed  in  cells  of 
other  kinds  employed  in  experiments  made  long  afterwards, 
I  shall  draw  attention  to  the  phenomenon  here. 

Two  clean  silver  plates  were  immersed  in  a  glass  cell  con- 
taining distilled  water  and  a  very  small  quantity  of  cosine. 
One  of  these  plates  was  screened  and  the  other  exposed  to 
light,  both  beino;  connected  with  the  fralvanometer.  Imme- 
diately  on  exposure  of  the  plate  to  light,  there  was  generated 
a  current  in  which  the  exposed  phite  was  positive  to  the  other. 
This  current,  however,  lasted  for  only  a  second,  and  it  was 
then  (the  exposure  continuing)  succeeded  by  a  steady  and  much 
stronger  current  in  the  opposite  direction,  this  latter  being 
the  current  which  would  exist  if  the  plate  had  been  coated 
with  an  eosine-gelatine  film  in  the  usual  way,  any  variation 
in  the  intensity  of  the  light  being  answered  by  a  corresponding 
variation  in  the  strength  of  the  photoelectric  current.  Now 
when  the  light  was  suddenly  shut  off  from  the  plate,  the 
instantaneous  effect  was  to  increase  the  existing  current — the 
effect  being  merely  impulsive — after  which  (the  j)late  being 
screened)  the  current  gradually  disappeared.  This  result 
was  again  and  again  reproduced,  and  exactly  the  same  result 
was  found  if  the  water  in  the  cell  contained  a  small  quantity 
of  fluorescine  instead  of  eosine,  except  that  the  initial  and 
final  impulsive  currents  were  much  smaller  with  fluorescine 
than  with  eosine. 

The  plates  of  this  cell  having  been  left  in  the  liquid  and 
kept  in  the  dark  for  a  fortnight,  the  action  of  light  was  again 
tried  ;  and  it  was  then  found  that,  while  the  inverse  currents 
were  produced  as  before,  the  initial  current  on  exposure  was 
enormously  increased  both  in  magnitude  and  in  duration.  It 
now  disappeared  gradually,  and  was  succeeded  by  a  current 
in  the  reverse  direction. 

When  one  of  these  plates  was  removed  from  the  cell  and 
immersed  in  water  in  presence  of  a  clean  silver  plate,  it  was 
at  once,  on  exposure  to  light,  negative,  like  a  silver  plate 
coated  in  the  ordinary  way  with  an  enmlsion  of  eosine. 

M.  15ecquerel,  in  the  course  of  his  experiments  on  the 
electric  action  of  light  on  plates  coated  with  salts  of  silver, 
made  the  observation  that  in  the  case  of  silver  plates  coated 
with  bromide,  chloride,  and  iodide  of  silver,  the  nature  of  the 
exposed  plate  (whether  positive  or  negative)  depends  on  the 
thickness  of  the  layer  deposited  on  the  surface  of  the  ])late. 
Thus,  he  says  (La  Lumiere,  vol.  ii.  p.  129): — "  By  depositing 
on  one  of  tlu^se  {dates  a  thin  laver  of  iodide,  obtained  by  the 
action  of  the  vapour  of  iodine  at  the   ordinary  temperature, 
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and  then  exposing  this  plate  to  hght,   it  was  found   that  it 

took  positive  electricity  from  the  liquid With  a  thick 

layer  of  iodide  on  the  surface  of  the  silver,  there  is,  on  the 
contrary,  a  current  the  inverse  of  the  preceding  ;  that  is  to 
say,  the  plate  exposed  to  light  took  negative  electricity.  This 
result  shows  that,  in  this  case,  iodine  acts  on  silver  under  the 
influence  of  light/'  He  then  gives  a  taVjle  of  deflexions 
obtained  when  various  coloured  glasses  were  placed  in  front 
of  a  silver  plate  coated  with  a  thick  layer  of  iodide,  the 
greatest  effect  being  produced  by  violet  rays,  and  the  least  by 
red,  the  former  being  22  times  the  latter. 

M.  Becquei-el  continues  : — "  Thus,  whilst  with  chloride  and 
bromide  of  silver  precipitated,  placed  on  plates  of  jJatinum, 
there  is  always  produced  a  current  of  the  same  sense,  the 
exposed  plate  being  positive,  with  a  layer  deposited  on  silver, 
there  is  an  effect  depending  on  the  thickness  of  this  layer. 
These  two  inverse  effects  indicate  that  there  should  be  neces- 
sarily a  thickness  for  which  the  electric  effect  is  almost 
nothing.^' 

These  observations  of  M.  Becquerel  may  possibly  explain 
the  above  inverse  effects  in  the  eosine-silver  cell ;  but  his  last 
conjecture  would  not  be  practically  verifiable,  unless,  when 
the  critical  thickness  was  reached,  the  state  of  the  sensitive 
surface  was  one  of  stability.  One  result,  however,  would  pretty 
evidently  follow,  viz.,  that  if  on  the  same  i)late  a  portion  of 
the  layer  was  below  the  critical  thickness,  while  the  remain- 
der was  above  it,  the  plate,  on  exposure,  might  be,  on  the 
whole,  positive,  negative,  or  inert.  In  the  case  of  photo- 
electric cells  to  be  subsequently  described,  it  is  possible  that 
the  observed  results  are  due  to  this  cause. 

Certain  mordants  were  tried  for  the  purpose  of  preventing 
the  eosine  from  lea^"ing  the  film.  The  sensitized  plate  was 
washed  with  a  solution  of  borax,  which  had  the  eflect  of 
keeping  the  film  on  the  })late,  but  almost  completely  de- 
stroyed its  sensitiveness  to  light.  A  similar  efl'ect  followed 
from  tlu^  enn)loyment  of  a  solution  of  chloriile  of  aluminium. 
The  best  effect  was  produced  when  a  silver  plate  coatetl  with 
an  emulsion  of  eosine  and  photographic  gelatine  was  immersed 
for  a  few  minutes  in  a  strong  solution  of  alum. 

Naphthalene  red,  a  substance  soluble  in  alcohol  and  only 
slightly  soluble  in  water,  was  also  used  in  place  of  eosine.  A 
little  of  this  was  tlissolved  in  alcohol  and  then  emulsified  with 
gelatine.  It  was  then  poured  on  a  silver  jtlate,  and  the  film 
was  allowed  to  set  thoroughly.  The  jihotoelectrie  currents 
jiroduced  were  not  quit*'  so  strong  as  those  obtained  with 
eosine.     The  efi'ect  is  much  greater  in  the   blue  than  in  anv 
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other  part  of  the  spectrum,  the  exposed  plute  being  positive  ; 
and,  apparently,  with  strong  red  rays,  there  is  a  reversal  of 
the  sign  of  the'^E.M.F. 

Various  other  substances  were  used,  among  which  I  may 
mention  iodine  green,  which  gives  rather  strong  currents 
with  dayhght,  the  exposed  plate  l)eing  negative. 

In  all  these  cells  the  E.M.F.  is  feeble  compared  with  the 
electromotive  forces  which  I  have  obtained  by  other  means, 
to  be  presently  described  ;  but  in  the  case  of  silver  plates 
coated  with  iodine  green,  an  E.M.F.  of  about  J ,  volt  can  be 
observed  with  sunlight. 

Fluorescine  used  like  cosine  on  silver  or  platinum  plates 
gives  poor  results. 

A  few'  experiments  with  a  solution  of  sulphate  of  quinine 
and  some  other  fluorescent  liquids  were  made  with  a  view  to 
connecting  fluorescence  w  ith  electric  effect  ;  but  the  observed 
results  were  comparatively  small,  and  the  subject  has  been 
left  for  further  trial. 

Other  Metals. 

Many  experiments  were  made  with  other  metals,  but  the 
currents  produced  by  most  of  them  were  smaller  than  those 
given  by  silver  plates.  Thus,  I  have  on  record  an  experiment 
in  which  bismuth  was  melted  into  thin  plates  which  were 
fixed  on  glass,  and  then  immersed  in  a  cell  containing  water. 
When  light  fell  on  one  of  these  plates,  a  considerable  current 
was  generated,  the  exposed  plate  being  positive  ;  but  on 
adding  a  solution  of  chloride  of  bismuth  to  the  water,  the 
current  generated  by  light  was  reversed.  On  taking  them 
out  of  the  cell  and  washing  them  with  distilled  water,  and 
then  innnersing  them  again  in  a  water-cell,  when  the  plate 
was  exposed  to  light,  there  was  an  im})ulsive  current  corre- 
sponding to  a  negative  nature  of  the  plate,  but  this  was 
promptly  succeeded  by  a  very  large  current  in  the  opposite 
direction — just  as  in  the  cases  previously  mentioned. 

C'opi)er,  antimony,  and  other  metals  were  also  tried,  but 
the  results  are  not  of  suflRcient  importance  to  demand  any 
detailed  record.  In  particular,  iron  plates  coated  with  the 
magnetic  oxide  and  immersed  in  water  yielded  photoelectric 
currents. 

Tin  Plates. 

A  glass  cell  containing  a  solution  of  fluorescine  in  distilled 
water,  in  which  two  silver  plates  had  been  immersed,  was 
taken  for  trial  with  other  than  silver  plates.  Almost  the 
first  nu'tal  that  I  used  in  this  cell  was  tin.  Two  })Iatcs  of 
tin  foil  whose   surface  had  not   been   in  any  way  pre])ared, 
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but  wliicli  was  in   the  state   in  which  it  was  obtained  from 
the  niarmfacturers,  were  fixed  on  plates  of  ;rlass  and  placed 
in  the  cell.     One  of  them  being  .screened  from  light  and  the 
other  exposed,  a  very  strong  current  was  the  result.     When 
the  tin  plates  were  replaced  by  coj)per,  a  current,  but  of  less 
strength,  was  also  produced.     Gold   plates  gave   no  current 
at  all.       It  was   found,    however,  that    the   fluorescine    was 
unnecessary,  and  that  wdien  connnon  tap- water   was  used  in 
the  cell,  the  currents   produced  by  light  seemed    to  be   no 
weaker  than  before.     If  the  hand  or  any  other  screen  were 
moved  rapidly  in  front  of  the  exposed  plate,  the  spot  on  the 
galvanometer-scale    moved  correspondingly.       A    telephone 
was  put  into  the  ciicuit  with  a   view   to  the   production  of 
sound  by  variations  in  the   incid(nit  light,  but  the  alterations 
were  not  sufficiently  rapid  to  produce  this  result.     A  battery 
of  three  cells  in  series  was  then   formed,  but  no  sound  was 
produced    in    the     telephone,    and,    moreover,    the   current 
indicated  by  the  galvanometer   was   no   greater  than  when 
only  one  cell  was  used.     This  latter  fact  seemed  most  extra- 
ordinary ;    but,  on   examining  the  cells  separately,  I  found 
that  one  of  the    cells  was  producing  a  current  in  a   sense 
opposed  to  that  of  the  current  given  by  the  other  two.     Of 
this  more  presently. 

When  the  liquid  in  the  cell  was  distilled  water,  currents 
were  still  produced  by  the  action  of  light  on  the  tin.  Wlien 
a  drop  of  sulphuric  acid  was  added  to  the  water,  the  currents 
ceased. 

In  nearly  every  cell  that  1  used  with  tin  })lates — whose 
surfaces,  as  stated  above,  had  not  been  treated  in  any  way — 
the  exposed  plate  was  positive  to  the  unexposed  ;  but,  after  a 
time  varying  from  a  few  minutes  to  a  few  hours,  it  was 
found  that  this  positive  current  died  out  and  was  replacad 
bv  an  apijurcntly  stronger  current,  in  which  the  exjtosed 
plate  was  negative.  Thus  there  was  a  change  in  the  sign  of 
the  E.M.F.  produced  by  the  continuous  action  of  light. 
This  again  reminds  us  of  M.  Becquerel's  observation  about 
the  thickness  of  sensitive  layers.  There  seemed  to  be  almost 
no  exception  to  the  rule  that  the  exposed  plate  begins  by 
being  positive  and  ends  by  being  negative,  the  negative 
regime  lasting  for  many  days  of  prolongeil  exposure  to 
light. 

It  was  also  found  that  when  the  chloride  of  any  substance 
was  dissolved  in  the  distilled  water  of  the  cell,  all  photo- 
electric action  ceased.  Again,  if  the  tin  foil  is  cleaned  by 
immersion  in  sodic  hydrate  and  then  in  hydrochloric  acid,  or 
by  immersion  in  a  solution  vi'  cither  of  the  chlorides  of  tin, 
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the  plate  becomes  completely  insensitive  to  light.  Thus  the 
photoelectric  result  is  obviously  due  to  some  layer  on  the 
surface. 

In  connexion  Avith  the  cbange  of  sign  of  the  E.M.F.  pro- 
duced by  continuous  ex})0sure,  the  folloAving  remarkable 
experiment  was  made.  Round  the  outside  of  a  cylindrical 
porous  pot  was  fixed  a  coating  of  tin  foil ;  inside  the  pot  was 
placed  a  strip  of  tin  foil,  these  two  strips  being  the  exposed 
and  unexposed  ])lates  of  the  cell  respectively.  The  porous 
pot  was  filled  with  Avat^r  and  innnerseil  in  a  glass  beaker  also 
containing  water,  the  diameter  of  the  beaker  being  very 
slightly  greater  than  that  of  the  porous  pot.  The  strip  of 
foil  inside  the  pot  was  completely  covered  from  light  and 
connected  with  one  terminal  of  a  galvanometer  ;  the  foil  out- 
side the  pot  being  connected  with  the  other  terminal.  Out- 
side the  glass  beaker,  and  fitting  round  it  very  closely,  was  a 
cylinder  of  black  paper  Avith  a  vertical  slit  cut  in  it,  the 
breadth  of  the  slit  being  about  half  an  inch,  Avhile  the  diameter 
of  the  cylinder  was  about  6  inches.  Thus,  by  rotating  the 
black  paper  cylinder  round  the  beaker,  different  strips  of  the 
tin  foil  on  the  outer  surface  of  the  porous  pot  could  be 
successively  exposed  to  light. 

The  slit  in  the  paper  occujjving  a  given  position,  the  corre- 
sponding portion  of  the  tin  foil  Avas  exposed  to  sunlight.  The 
current  indicated  that  the  plate  was  positive,  and  the  exposure 
Avas  continued  until  the  current  changed  its  direction,  i.  g.,the 
plate  became  negatiA-e.  The  slit  Avas  then  moved  opposite 
another  and  distant  portion  of  the  tin  foil,  Avhich,  by  the  same 
process,  Avas  finally  rendered  negative  ;  and  so  on  all  the 
Avay  round.  Thus  the  surface  of  the  tin  foil  AA^as  diA'ided  into 
a  number  of  strips,  Avhich  AAcre  alternately  negative  and 
positive  in  their  electromotive  forces  when  exposed  to  light ; 
and  by  rotating  the  black  paper  continuously  round  the 
beaker,  a  series  of  currents  in  contrary  directions  Avere 
ol)tained  from  the  action  of  light  on  one  and  the  same  metallic 
plate — a  result  which,  at  first  sight,  sounds  very  strange. 
It  is  easily  understood,  however,  Avhen  we  remember  the 
difierent  conditions  into  which  the  various  strips  of  the 
surlace  of  the  plate — /.  e.,  some  very  thin  stratum  on  the  tin — 
were  put  in  the  preliminary  process  ;  and,  moreoA^er,  it  pre- 
jKires  us  for  cases  in  Avhicli  different  portions  of  a  tin  plate 
Avhich  has  been  sensitized  by  a  special  process  give,  on 
exposure,  electromotiA'e  forces  of  different  signs. 

I  have  not  yet  spoken  of  any  process  for  producing  a 
sensitive  layer  on  the  surface,  and  a  long  time  elapsed  before 
I  discovered  one.     The  tin  foil  hitherto  spoken  of  is  pure 
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tin  foil  as  it  is  obtained  from  the  maker  ;  and,  as  must  be 
ex])ectcd,  not  only  were  some  pieces  on  exposure  to  light 
observed  to  be  at  once  negative  while  others  (the  great 
majority)  were  positive,  but  there  were  various  degrees  of 
sensitiveness.  Occasionally,  also,  the  curious  jf*rks  imme- 
diately on  exposure  and  immediately  on  screening,  which 
were  observed  in  the  case  of  silver  and  cosine,  were  observed 
with  these  plates. 

Then  succeeded  a  series  of  experiments  in  which  a  quad- 
rant electrometer  was  used  instead  of  the  galvanometer,  i.  e., 
the  E.M.F..  and  not  the  current,  was  measured. 

A  curious  result  was  very  soon  observed  with  the  thia 
tin  foil  which  is  wrapjjcd  inside  small  packages  of  tobacco. 
The  two  sides  of  this  foil  are  notably  ditt'erent  in  appearance, 
one  being  somewhat  dull,  while  the  other  has  a  bright  silvery 
aspect.  Two  strips  of  this  were  cemented  on  opposite  sides 
of  a  small  glass  plate,  the  dull  surface  of  one  and  the  bright 
surface  of  the  other  being  fixed  to  the  glass.  This  plate  was 
immersed  in  a  glass  cell  containing  absolute  alcohol,  the  two 
pieces  of  tinfoil  being  connected  with  the  poles  of  the  electro- 
meter. When  the  bright  surface  was  exposed  to  daylight,  a 
small  deflexion  was  obtained  which  showed  the  plate  to  be 
negative  ;  when  the  dull  surface  was  exposed,  the  deflexion 
was  more  than  doubled,  the  ])late  being,  like  the  other,  also 
negative,  and  the  magnitude  of  its  E.M.F.  being  about 
tV  volt. 

A  tin-foil  plate,  which  at  once  on  exposure  to  light  is 
negative,  is  produced  by  thoroughly  cleaning  a  piece  of  foil 
and  coating  it  with  sulphide  of  tin,  either  by  exposing  it  to 
SH2  or  by  ru])bing  a  little  ''  mosaic  gold  "  over  the  surface. 

When  distilled  water  was  used  instead  of  alcohol,  the 
E.M.F.  produced  by  light  was  in  all  cases  diminished  :  and 
(he  same  result  alioays  happened  ichen  any  salt  whatever  was 
dissolved  in  the  alcohol  ivith  a  view  to  diminishing  its  resist- 
ance. 

This  unfortunate  result  is  characteristic  of  every  photo- 
electric cell  that  I  have  employed.  It  is  unfortunate,  because 
it  seems  to  preclude  the  })ossibility  of  obtaining  reallv  stron^ 
and  prac'ticallv  useful  currents  bv  the  action  of  liirht,  and  it 
aj)j)ears  to  indicate  some  essential  connexion  of  resistance  and 
electromotive  force. 

The  \'u\md  is,  of  course,  an  essential  element  of  the  cell, 
and  a  very  large  number  of  li([uids  was  tried  in  these  experi- 
ments. Thus,  for  example,  the  two  tobacco-toil  plates  when 
immersed  in  peroxide  ot  hydrogen  were  absolutely  insen- 
sitive.    The  alcohols    are   much    the   best  liijuids    when   tin 
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plates  are  used.  Large  electromotive  forces  Lave  been 
obtained  with  all  of  tliein  :  but  they  are  not  all  of  quite 
equal  value.  As  has  been  already  stated,  if  any  substance 
containiii<2;  chlorine  is  put  into  the  liquid,  the  E.M.F.  of  light 
completely  ceases. 

If  a  small  quantity  of  nitrate  of  potassium  is  dissolved  in 
the  alcohol,  a  Thomson  high-resistance  galvanometer  will  be 
very  easily  and  strongly  aflected  by  the  photoelectric  currents 
of  these  cells. 

Among  liquids  an  aqueous  solution  of  pyrogallic  acid  is 
one  Avhich  presents  itself  as  worthy  of  trial,  since  pyrogallic 
acid  is  a  greedy  absorber  of  oxj'gen  ;  and  I  have  on  record  a 
striking  result  of  its  employment.  A  small  plate  of  tin  foil, 
the  surface  of  which  had  been  cleaned,  was  covered  over  with 
a  thin  layer  of  water,  with  which  a  drop  of  nitric  acid  had 
been  mixed  ;  the  foil  was  placed  on  a  glass  ])late,  mider 
which  was  applied  a  gas-tlame  until  the  liquid  had  quite 
evaporated,  and  the  tin  foil  remained  coated  with  some  salt  of 
tin.  Whatever  this  salt  was,  when  this  plate  was  immersed 
in  a  cell  containing  absolute  alcohol  in  presence  of  a  cleaned 
tin-foil  plate,  the  tirst  was,  on  exposure  to  light,  strongly 
negative  to  the  second.  The  sensitive  plate  was  then  taken 
out  of  this  cell  and  immersed  in  another  containing  a  clear 
aqueous  solution  of  pyrogallic  acid.  It  was  now  absolutely 
insensitive  to  light.  Taken  out  of  this  cell,  and  dried  with 
blotting-paijer,  it  Mas  again  put  into  the  alcohol  ;  and  now, 
on  expo-sure  to  light,  it  was  found  to  be  strongly  positive. 
Here,  then,  is  a  case  of  complete  reversal.  This  change  was 
accompanied  by  a  slight  Jerk  or  kick  in  the  E.M.F.,  such  as 
has  been  already  described  in  connexion  with  silver  and 
eosine  ;  that  is,  on  exposing  the  plate  for  the  second  time  in 
alcohol,  the  initial  indication  of  the  electrometer  was  a  very 
slight  kick  indicating  a  negative  E.M.F.,  but  this  was 
immediately  follo\Aed  by  a  large  deflexion  in  the  opposite 
direction.  This  result  was  repeated  many  times  ;  the  plate 
was  taken  out  of  the  alcohol  and  dried  in  the  dark  lor  about 
two  hours,  and  when  replaced  in  the  alcohol  cell  the  jerk  and 
large  contrary  deflexion  were  obtained. 

A  similar  experiment  has  been  recently  tried  with  a  tin-foil 
plate  sensitized  by  the  process  which  I  now  adopt,  and  which 
will  l)e  ])resently  described,  and  the  result  obtained  was  not 
the  same  as  the  aljove.  In  the  new  process  the  plate  appears 
to  be  coated  with  the  white  oxide  of  tin,  SnOo  ;  but  whether 
it  really  is  so  or  not,  I  cannot  say.  However,  such  a  plate 
which  had  been  in  a  cell  with  methyl  alcohol  for  two  years 
was  taken  out,  together  with  the   back   or  unexjmsed  phite, 
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and  immersed  in  a  cell  witli  an  aqueous  solution  of  pyrojiallic 
acid.  On  exposure  to  light  in  this  cell,  the  plate  ^vas  about 
half  as  sensitive,  and  of  the  same  sign  (positive)  as  in  the 
methyl  alcohol  ;  and  on  replacing  it  in  the  alcoliol  cell,  its 
indication  \vas  les-;  than  it  had  been  originallv.  Thus,  there 
was  merely  a  falHiig  off,  hut  not  an  absolute  destruction,  of 
the  E.M.F.  caused  by  the  ])yrogallic  acid,  the  sensitive  surface 
having  assumed  a  yellowish  appearance. 

The  conjecture  of  M.  Bccquerel,  that  the  sign  of  the 
E.M.F.  developed  by  light  d(;pends  on  the  thickness  of  the 
sensitive  layer  on  the  ])late,  has  been  alreadv  mentioned  ;  but 
it  may  be  allowable  to  put  forward  another  conjecture — that 
when  th(U'e  are  two,  three,  or  any  number  of  salts  of  a  metal, 
any  one  of  which  may  be  on  the  plate,  the  result  depends  on 
the  particular  salt,  and  that  the  series  may  be  alternately 
])Ositiv(i  and  negative  on  exposures  to  light  according  to  the 
amount  of  oxygen  (su{)pos(!)  that  they  contain.  A  reducing 
agent  may  convert  one  of  these  into  an  adjacent  one,  and  so 
alter  the  sign  of  the  E.M.F.  The  question  is  not  one  with 
which  I  am  competent  to  deal  ;  it  is  for  the  chemist.  And 
it  might  also  be  worth  while  to  investigate  whether  there  is 
any  connexion  between  the  sign  and  magnitude  of  the 
E.M.F.  generated  by  the  action  of  light  on  a  metallic  salt 
and  the  eflFect  ])roduced  on  the  salt  by  electrolysis. 

Production  of  the  Sensitive  Surface. — After  trying  a  very 
great  number  of  processes  for  ]iroducing  a  sensitive  tin 
surface  which  is  positive  on  ex- 
posure to  light,  the  following  is 
that  which  I  have  found  to  be 
most  efficacious. 

Take  a  strip  of  pure  tin  foil,  say 
1  inch  long  and  ^  inch  broad,  and 
about  as  thick  as  a  stiff  sheet   of 
note-paper  (the  very  thin  foil  is 
not  suitable  ;  but  the  exact  thick- 
ness is  not  of  much  conse(juence)  : 
clean  it  first  in  sodic  hydrate,  and 
then    in   dilute  hyilrocldoric  acid, 
or  in  hydrofluoric   acid,  until  the 
surface   j)resents  a  bright  crvstal- 
line  appearance.     Having  thoroughlv  washed  it   in  distilled 
water  until  every  trace  of  acid   disappears  froui   the  water, 
place   it  horizontally,  at  p,  on   a    bent   plate  of  glass   of  the 
shajjc    (j(/    in   tig.    2,   this   ]ilate  of  glass   being   held    by    a 
clamp  C  supported  by  an  onlinary  retort-stand,  which   is  not 
representiMJ    in    the   figure  ;    under   the   tin    plate;)  and  the 
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glass  place  a  dish,  D  D,  supported  by  a  stand  S,  which  allows 
the  dish  to  be  raised  or  lowered  ;  the  dish  beintr  raised 
until  it  nearly  touches  the  glass  g,  pour  into  it,  until  the  tin 
])late  p  is  completely  covered,  a  portion  of  the  following 
mixture  : — 

500  c.  c.  of  distilled  water, 
3  c.  c.  of  pure  nitric  acid, 
15  o;ranunes  of  nitrate  of  ammonia. 

If  the  tin  is  jnire  and  has  been  tJiorovgldij  cleaned,  the 
moment  the  plate  p  is  covered  by  the  solution,  a  whitish 
deposit  is  thrown  down  on  its  surface.  The  plate  may  be 
left  in  the  solution  for  3  or  4  minutes,  and  then  the  dish  D  D 
is  lowered  and  removed.  The  dej)osit  on  the  tin  should  be 
uniform  and  must  not  be  allowed  to  form  for  more  than 
4  minutes.  When  the  dish  i)  D  has  been  removed,  the 
under  surface  of  the  glass  j)late  g  g  should  be  dried  by  blotting- 
paper.  Then  a  process  of  heating  must  take  place.  The 
flame  of  a  spirit-lamp  must  be  applied  imiformly  to  the  under 
surface  of  the  glass  ])late,  i.e.  moved  backwards  and  forwards 
until  the  whole  of  the  liquid  on  its  upper  surface  is  evapo- 
rated.    Great  care  must  be  taken  not  to  melt  the  tin  plate  p 

Continuing  the  heating  process,  the  upper  surface  of  the  tin 
passes  through  a  series  of  ajipearances.  At  first  (/.  e.,  when 
the  water  has  just  been  evaporated)  the  deposit  has  a  dull 
slaty  look  ;  as  the  heating  goes  on,  this  changes  to  a  whitish 
as})ect,  a  gas  with  a  nitrous  smell  coming  off ;  as  the  heating 
is  continued,  this  whitish  surface  undergoes  a  rapid  change 
to  a  dark  colour  with,  aj)})arently,  a  tinge  of  green,  which 
travels  like  a  shadow  from  one  end  of  the  plate  to  the  other  ; 
the  heating  being  still  continued,  this  dark  surface  changes 
to  a  strong  white,  and  the  flame  ought  to  be  kept  under  it 
until  the  gas  is  completel}^  driven  oflt". 

The  plate  should  then  be  plunged  into  alcohol.  It  is  now 
in  the  most  sensitive  condition.  I  have  found  that  if  the 
heating  is  stopped  at  the  end  of  the  penultimate  stage — viz., 
that  in  which  the  dark  greenish  colour  has  been  reached — the 
plate  will  be  very  fairly  sensitive  to  light.  It  may  be 
suspended  from  a  platinum  wire  fixed  through  a  pin-hole  at 
one  end  of  the  plate,  and  when  placed  in  an  alcohol  cell  in 
trout  of  a  clean  tin  plate  similarly  suspended,  these  plates 
being  connected  with  the  poles  of  an  electrometer  while  the 
cell  is  screened  from  light,  a  small  difierence  of  potential  will 
be  observed,  the  sensitized  })late  being  positive  to  the  unsen- 
sitized  ;  but  this  difierence  of  potential  will  usually  ilisap[tear 
after  a  short  time. 
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Many  liquids  can  be  used  in  the  cell ;  but  I  have  found 
that  the  best  results  are  obtained  from  methyl  alcohol  prepared 
from  oil  of  wintergreen.  With  methyl  alcohol  prepared  from 
wood-s[)irit  I  faih^d  to  obtain  anything  like  the  maximum 
E.M.F.  on  exposure  to  light.  A  plate  so  prepared  is,  on 
expDsurc  to  li^ht,  ])ositiYe  to  the  clean  plate  in  the  cell.  In 
souie  liquids  the  plate  is  almost  quite  insensitive  to  light,  but 
on  replacing  it  in  methyl  alcohol  its  sensitiveness  reappears. 

It  is  remarkable  that  the  plate  while  immersed  in  the  cell 
(and  unex])osed)  takes  a  considerable  time — about  five  hours 
— to  devclo])  its  maximum  sensitiveness  ;  that  is,  the  cell 
should  Ijo  left  in  the  dark  for  this  time  to  allow  the  plate  to 
develop.  Moreover,  shortly  after  the  ])late  has  been  formed, 
it  is  much  more  rapid  in  its  response  to  light  and  shade  than 
it  is  subsequently  ;  not  that  there  is  any  falling  off  in  the  final 
indications  of  E.M.F.,  but  that  the  indications  are  more  slowly 
produced. 

Fig.  3  re])resents  a  cell  connected  with  the  electrometer. 
AB  is  a  small  glass  tube  nearly  full  of  the  liquid  ;  P  and  Q 
are  the  sensitized  and  unsensitized  plates,  two  fine  platinum 
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wires  being  either  soldered  to  them  or  passed  through  minute 
holes  in  them,  these  wires  being  sealed  into  the  glass  tube  at 
A  and  B,  and  connected  with  the  poles  ?/*,  n,  of  a  quadrant 
electrometer,  E  ;  the  arrow  L  represents  the  incident  light. 

After  forming  the  sensitive  plate,  it  should  be  tried  in  the 
cell  before  the  cell  is  sealed  up  completely  ;  if  it  is  not  satisfac- 
torily sensitive,  it  sliould  be  taken  out  and  re-heated  either  on 
the  glass  plate  in  fig.  2  or  over  the  chinmey  of  a  j^arathn 
lamp.  This  further  heating  will  often  convert  a  partially 
sensitive  ])late  into  a  very  sensitive  one. 

The  cell  is  usually  fixed  in  a  piece  of  cork  liv  means  of 
which  it  may  be  held  in  a  support. 
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Dispersion  of  the  Residual  Effect. — On  the  withdrawal  of  the 
light,  the  fall  of  E.M.F.  in  the  cell  is  usually  much  slower 
than  the  rise  of  E.M.F.  on  exposure  ;  and  this  fact  would 
constitute  a  grave  inconvenience  if  there  were  no  speedy 
remedy.  The  effect  of  the  light  can,  however,  be  quickly  and 
satisfactorily  overcome  by  connecting  the  exposed  plate  with 
the  co])per,  and  the  unexposed  with  the  zinc  pole  of  a  Daniell 
cell  for  a  few  seconds — the  time  of  connexion  l)eing  longer  as 
the  time  of  exposure  of  the  plate  to  light  was  longer.  In  fact, 
a  series  of  three  or  four  impulsive  contacts  with  the  poles  of 
the  Daniell,  followed  by  a  few  seconds'  short-circuiting,  will 
suffice  to  remove  the  residual  effect  of  light,  and  to  leave  the 
spot  on  the  electrometer-scale  at  the  point  from  which  it 
started. 

This  result  is  important,  because  when  feeble  light,  such  as 
that  of  a  candle,  falls  on  the  cell,  the  maximum  E.M.F.  takes 
some  minutes  to  develop,  and  the  return  of  the  spot  on  the 
scale  would  occupy  a  long  time. 

Variation  of  the  Effect  ivith  the  Distance  of  the  Source  of 
Light. — Six  cells  connected  in  series  were  placed  on  circles  of 
varying  radius,  and  a  candle  was  in  each  case  placed  at  the 
centre  of  the  circle.  The  E.M.F.  developed  by  the  light  of  the 
candle  was,  with  fair  accurac}-,  found  to  be  inversely  propor- 
tional to  the  distance  of  the  candle  from  the  cells.  As  the 
intensity  of  the  light  varies  inversely  as  the  square  of  the 
distance,  it  follows  that  the  square  of  the  electromotive  fore 
is  proportional  to  the  intensity  of  the  light. 

Curve  of  Rise  of  E.M.F. — The  law  of  increase  of  E.M.F. 
during  exposure  was  studied  by  placing  a  "  standard  "  candle 
at  a  distance  of  6  inches  from  6  cells  connected  in  series,  the 
poles  of  the  series  being  connected  with  a  Thomson  quadrant- 
electrometer.  The  deflexions  on  the  scale  were  noted  every 
quarter  minute,  and  a  curve  was  traced  having  the  deflexions 
for  ordinates  and  the  times  for  abscissa?.  The  maximum 
E.M.F.  attained  was  '566  of  that  of  a  Minotto  cell,  giving  for 
each  cell  '09-4  of  tliis  amount. 

If  we  denote  by  A  the  maximum  E.M.F.  developed,  and  by 
7)  the  E.M.F.  at  any  time  t,  it  would  a})pear  to  be  legitimate 
to  assume  the  equation 

where  k  is  a  constant.     This  gives,  by  integration, 

r)  =  A  +  Be     ' 
■where  B  is  another  constant.     The  curves  actuallv  traced  in 
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the  oxporiinents  closely  satisfy  an  equation  of  this  form,  wliidi 
is,  of  courses,  that  of  a  lof^arithinic  curve. 

The  curve  of  fall  is  probably  of  the  same  nature,  but  the 
rat(!  of  fall  is  much  slower  than  that  of  rise,  as  is  evideut  by 
an  iusjiection  of  the  diafiram  exhibited  to  the  Society. 

Unliomogeneovs  Surfaces. — To  ])roduce  a  homof;eneoas  sur- 
face on  the  sensitive  ])late,  it  is  manifestly  necessary  to  satisfy 
two  conditions  :  the  deposit  produced  by  the  oxidizing  solu- 
tion must  be  uniform,  and  so  must  the  heatiufj  by  the  s})irit- 
lamp.  It  is  obvious,  then,  that  if  these  conditions  are  not 
fulfilled,  Ave  must  be  prepared  to  find  some  part  <jf  the  plate 
positive  and  another  part  negative  on  ex})Osure  to  lif^ht;  and 
such  has  actually  been  found  to  be  the  case  in  many  experi- 
ments. But  a  much  more  extraordinary  result  of  quite 
comiuon  occurrence  is  that  described  tmder  the  next  head. 

Jvijiiilnion-Cells. — It  often  happens  that,  a  few  days  after  a 
cell  is  mounted  and  found  to  be  duly  sensitive  to  light,  an 
('xposure  ])roduces  no  E  M.F.  at  all.  But  if  a  sliirht  tap 
(sometimes  scarcely  audible)  is  given  either  to  the  support  of 
the  cell  or  to  the  table  on  which  this  sujjport  res-ts,  a  change, 
indicated  by  the  motion  of  the  spot  on  the  electrometer- scale, 
lakes  ])lace  in  the  cell,  and  it  is  as  sensitive  to  light  as  it  was 
oiiginally.  Another  taj)  given  to  the  1  ase  throws  the  cell 
again  into  the  insensitive  state  ;  another  ta])  will  restore  the 
sensitive  state  ;  and  so  on  indefinitely. 

These  results  are  not  due  to  any  defect  in  the  contact  of  the 
platinum  wires  with  the  })latbs  ;  these  wires  are  tiglitly 
])inehed   to  clean   ])arts  of  the   plates,  and  often  solilered   to 

tllCMU. 

It  might  be  conjectured  that  these  results  are  due  to  tlie 
formation  of  some  gas  in  the  cell  :  but  how  can  one  tap 
replace  the  gas  which  has  been  displaced  by  another  <aj)? 

I  believe  the  sensitive  and  insensitive  states  to  be  due  to 
some  molecular  alteration,  either  in  the  sensitive  surface  or 
in  the  licjuitl,  or  in  their  layer  of  contact — a  sort  of  )>olarity 
in  the  medium  which,  as  in  the  case  of  magnetic  bodies,  can 
be  jiroduced  or  destroyeil  by  vibrations.  Thus  the  K.JM.F. 
(Uic  to  light  maybe  simply  due  to  >train  and  not  accompanied 
bv  anv  actual  chemical  combination. 

A  most  ri'markable  instance  of  these  impulsicm-eft'ects  may 
be  cited  to  show  that  they  are  not  due  to  any  defective 
contact.  Ivcferriug  to  fig.  vi,  which  ri'])resents  the  sensitive 
jilatc  cH)nijilcti'K  submerged  in  the  li(piid,  let  the  ])latebeonly 
])artiallv  submerged,  and  U>t  the  licjuid  smt'ace  be  at  a  ]>oint 
V,  about  midway  Ix'tween  B  and  A,  the  jiortion  CA  of  the  cell 
beiug  occui)ied   by  \a|)our  r.loue.      This  will   be  the  state  of 
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affairs  in  a  cell  which  was  under  exporimont.  It  was  fonii  I 
that  on  exposing  the  upper  portion,  ('P,  of  the  plate  and 
screening  the  lower,  a  negative  deH^xion  on  the  scale  was 
observed — that  is,  a  deflexion  which  indicated  that  the 
exposed  plate  was  negative  ;  while  if  the  upper  portion  was 
screened  and  the  lower  exposed,  a  positive  deflexion  resulted. 
Then  on  giving  a  slight  tap  to  the  support  of  the  cell  and 
exposing  the  portion  CP,  while  screening  the  lower,  a  /tositioe 
deflexion  was  observed  ;  and  on  exposing  the  lower  portion 
alone,  a  positive  E.M.F.  resulted,  as  before.  Thus  the  effect 
of  the  vibration  was  to  alter  the  nature  of  the  upper  portion 
while  leaving  the  lower  unaltered. 

In  another  cell,  which  I  now  exhibit  to  the  Society,  the 
sensitive  plate  was  completely  immersed,  and  there  was,  as  in 
the  last  case,  a  certain  portion,  OP,  at  the  upper  end  which 
was  rendered  alternately  positive  and  negative  by  vibrations, 
while  the  lower  portion  remained  unaltered.  These  facts 
seem  to  be  quite  inconsistent  with  a  want-of-contact  theory. 
Before  citing  another  experiment,  in  which  a  Thomson  galva- 
nometer is  employed,  to  disprove  such  a  theory,  it  is  well  to 
mention  a  remarkable  method  of  producing  the  sensitive  state 
from  the  insensitive. 

While  investigating  the  effect  of  static  charges  communi- 
cated to  the  plates  on  the  sensitive  and  insensitive  states,  I 
found  that  if  a  Voss  machine,  not  in  any  way  connected  with 
the  cell  or  the  electrometer,  was  worked  in  the  room  while 
the  cell  was  in  the  insensitive  state,  the  moment  a  spark 
'passed  between  the  jwles  of  the  Voss,  the  insensitive  state  was 
altered  to  the  sensitive,  whether  the  cell  was  connected  with 
the  electrometer  or  not.  The  same  effect  was  produced  at  a 
much  greater  distance  from  the  cell  by  the  inductive  action 
of  the  spark  ])assing  between  the  two  poles  of  the  secondary 
coil  of  an  incluction-coil,  as  in  a  Hertz  oscillator  arrangement. 
In  fact  when  a  Hertz  oscillator  was  taken  into  the  grounds 
outside  the  laboratory  in  which  I  worked,  the  induction-coil 
being  actuated  by  a  battery  of  4  or  5  Grove  cells,  no  wires 
whatever  passing  from  this  machine  near  the  laboratory,  the 
insensitive  cell  inside  the  room  at  a  distance  of  81  feet  was 
instantly  rendered  sensitive  by  the  inductive  action  of  the 
Hertz  arrangement. 

Impulsion-cells  differ  much  from  each  other  in  the  readi- 
ness with  which  they  undergo  the  change  from  one  state  to 
the  opposite  ;  but  the  most  obstinate  can  be  thrown  from 
the  insensitive  into  the  sensitive  state  by  leading  a  wire 
connected  witli  either  ])ole  into  the  vicim'ty  of  a  Hertz  or  a 
Voss  machine. 
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1  am  not  able  to  produce  the  reverse  effect — the  change 
from  the  sensitive  to  the  insensitive  state — by  electromag- 
netic induction ;  dull  taps  administered  to  the  base  of  the 
cell  constitute  the  only  way  in  which  this  chanf((;  can  be 
})roduced  with  certainty.  On  very  rare  occasions  the  change 
has  been  effected  by  the  inductive  action  of  strong  sparks 
from  a  Leyden  jar  ;  but  the  result  is  quite  exceptional. 
There  appears  to  be  some  reason  for  supposing  that  tliis 
change — from  sensitive  to  insensitive — is  produced  by  vibra- 
tions of  slow  period,  or  very  dull  taps.  I  have  ])roduced  it 
by  dropping  very  small  pieces  of  cork  on  the  base  of  the  iron 
retort-stand  in  which  the  cell  is  held,  and  even  b}^  gently 
drawing  a  ])iece  of  j)aper  across  the  retort-stand. 

Nearly  all  these  tin-foil  cells  will  develop  the  impulsion 
character  a  few  days,  or  weeks,  after  they  have  been  formed, 
provided  that  the  alcohol  in  them  has  not  been  throivn  out  and 
replaced  hy  fresh  alcohol.  Three  years  ago  1  formed  a  battery 
of  30  of  these  little  cells,  testing  each  before  adopting  it  in 
the  battery,  and  connected  them  in  series,  hoping  thereby  to 
obtain  a  very  large  E.M.F.  on  exposure  to  light.  To  my 
disappointment,  however,  I  found  a  comparatively  small 
result  ;  and  on  examining  the  cells  individually,  I  found 
some  of  them  insensitive.  Their  sensitiveness  was  restored 
by  renewing  the  alcohol,  but  it  might  have  been  restored  by 
impulses  if  1  had  known  the  fact. 

One  of  this  battery  in  which  the  impulsion  results  appeared 
•was,  taken  out  and  its  alcohol  renewed  on  4  or  5  days  suc- 
cessiv(dy,  with  a  view  to  ascertaining  whether  the  impulsion 
results  could  be  got  rid  of  by  renewing  the  liquid.  After 
six  renewals  the  cell  ceased  to  give  impulsion-effects,  and  it 
has  been  since  under  trial  from  time  to  time  for  about  three 
years. 

Impulsion-cells  are  very  strongly  inHuenced  if  they  are 
kept  in  a  room  in  which  powerful  sparks  are  being  produced 
from  a  Holtz  machine.  A  box  of  them  which  had  been  put 
by,  for  exhibition  before  this  Society,  in  a  cuj)board  about 
six  feet  distant  from  a  Holtz  which  was  put  in  action,  was 
found  during  the  process  to  have  had  nearly  every  cell  atiected 
in  such  a  manner  that  no  impulsion-effects  could  be  produced 
for  several  hours  after  the  Holtz  ceased  to  be  worked  ;  and  a 
strikinglv  good  example  of  an  impulsion-cell  which  I  was 
very  anxious  to  preserve  accpiired  a  strong  tendency  to  revert 
from  the  sensitive  to  the  insensitive  state,  and  to  remain  in 
the  latter  ;  at  the  same  time  it  lost  its  extreme  sensitiveness 
to  impulses. 

The    experiment    with    a    galvanometer,    previously    men- 


Prof.  Minchin^s  Experiments  in  1^ kotoelectncity.       225 

tioned,  to  show  that  in  neither  state  of  an  impulsion-cell  is 
there  a  want  of  contact,  is  as  follows  : — An  ini[)ulsion-cell 
in  which  both  plates  hang  from  the  top  of  the  cell,  and  in 
which  the  liquid  did  not  rise  nearly  to  the  level  of  the  junc- 
tion of  either  platinum  wire  with  the  plate,  was  made  part  of 
the  circuit  of  a  galvanometer  and  a  Daniel!  cell  by  means  of 
a  key  ;  its  poles  were  connected  with  the  electrometer,  and 
before  pressing  down  the  key  which  put  the  cell  into  the 
galvanometer  circuit,  it  was  mado  insensitive  by  an  impulse. 
On  pressing  down  the  key,  the  needle  of  the  galvanometer 
was  deflected,  and  this  could  not  have  happened  if  either 
contact  were  broken.  In  fact,  the  indication  of  the  gal- 
vanometer was  the  same  whether  the  cell  was  in  the  sensitive 
or  in  the  insensitive  state. 

In  two  or  three  cells  in  which  the  alcohol  had  partially 
evaporated,  leaving  a  portion  of  the  sensitive  plate  above  the 
liquid,  it  was  found  that,  the  whole  plate  having  been 
originally  positive,  the  portion  in  the  vapour  gave  a  negative 
E.M.F.,  while  the  lower  portion  continued  positive. 

Among  the  numerous  liquids  tried  in  these  cells  was 
butyric  acid,  which  is  efficacious  ;  but  after  a  few  davs  it 
acts  on  the  tin  plate  and  tends  to  destroy  the  sensitive 
surface.  A  ))late  which  had  been  kept  in  a  cell  containing 
butyric  acid  for  some  days  was  removed  into  one  containing 
propylic  alcohol.  The  effect  was  that  the  upper  portion 
of  the  plate  exhibited  impulsion-effects — being  alternately 
positive  and  negative  with  impulses — while  the  lower  portion 
remained  positive. 

In  acetone,  nitrate  of  amyl,  and  glycerine  these  plates  are 
also  sensitive — as  indeed  in  water  also  ;  but  the  E.M.F.  in 
these  liquids  is  less  than  in  methyl  alcohol. 

It  was  found  also  that  if  the  cell  contained  only  the  vapour 
of  alcohol,  an  E.M.F.  was  generated  by  light,  but  less  than 
that  in  the  liquid.  In  aldehyde  no  E.M.F.  due  to  lioht  was 
observed. 

Hydroxyl  has  the  effect,  after  about  twenty-four  hours,  of 
giving  to  the  ])late  a  yellowish  colour,  and  also  of  chanoino- 
the  sign  of  the  E.M.F.  which  exists  in  the  dark. 

It  has  been  found  many  times  that  one  effect  of  removing  a 
sensitive  plate  from  an  alcohol  cell  to  a  cell  filled  with  hvdroxyl 
or  other  liquids  and  then  replacing  it  in  the  alcohol,'  was  to 
develop  impulsion  results  ;  and  this  fact  shows  that  these 
results  cannot  be  duo  to  any  induced  electrification  on  the 
glass  of  the  cell  and  an  action  of  light  on  this  electrification 
— such  an  action  as  has  been  the  subject  of  recent  experiment 
by  a  Russian  physicist. 
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If,  tlien,  I  am  right  in  supposing  that  the  development  of 
electrical  charges  on  these  sensitive  plates  is  in  some  way 
connected  with  molecular  disturbances  ])roduced  by  electro- 
niMgiK'tic  induction  or  mechanical  vibration,  it  must  be 
a(huittt'd  that,  the  result  is  possibly  a  very  iniportjint  one, 
and  that  it  may  play  a  large  ])art  in  tlie  economy  of  nature. 
Thus,  the  mode  in  wliich  solar  energy  is  taken  ujj  in  the  cells 
of  plants  may  be  largely  dependent  on  such  disturbances  in 
the  atniosphcre  or  in  the  earth.  And  in  this  connexion  a 
somewhat  wild  conjecture  may  be  ))ardoned. 

The  microradiometer  of  Prof.  Boys  works  wonders  in  the 
measurement  of  very  minute  changes  of  temperature.  If, 
then,  we  imagine  a  beam  of  light  to  be  incident  on  the 
sensitized  plate  of  an  impulsion-cell  from  which  it  is,  in  part, 
reflected  to  a  microradiometer,  when  the  cell  is  in  its  insensi- 
tive state  the  incident  energy  is  not  taken  up  electrically  and 
statically,  and  a  greater  portion  of  it  would  be  sent  to  the 
radiometer  than  would  be  sent  if  the  cell  were  in  the  sensitive 
state,  so  that  a  mechanical  tap  or  an  electromagnetic  impulse, 
in  altering  the  cell  from  electrical  insensitiveness  to  sensitive- 
ness, should  produce  an  effect  on  the  radiometer. 

Connexion  xoitli  the  Daniell  Cell. — It  has  been  already 
stated  tliat  the  residual  eftect  when  light  is  withdrawn  from 
the  cell  is  got  rid  of  by  connecting  the  cell  with  a  Daniell 
cell  in  such  a  way  that  the  deflexion  caused  by  the  latt<'r  is 
opjiosed  to  that  produced  by  light — /.  ^.,  the  sensitive  plate, 
P  (flg.  4)j  is  connected  with  the  copper  pole  of  the  Daniell. 

FiR.  4. 


A  very  curious  result  of  this  arrangement  deserves  to  be 
mentioned,  inasnnuh  as  it  may  possibly  aflbnl  a  clue  to  the 
nature  ol  the  action  of  light  on  the  sensitive  plate.  Between 
the  Zn  pole  of  the  Daniell  and  the  plate  Q  interpose  a  very 
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(ijreat  resistance,  S,  of  the  same  order  of  inafrnitude  as  the 
resistance,  R,  of  the  photoelectric  cciU  itself- — /.  e.,  several 
nief^ohms.  This  resistance  S  is  composed  of  lead  lines  traced 
carefully  on  olass  and  then  covered  with  shellac,  and  is,  in 
my  experiments,  something  like  10  megohms.  The  poles, 
A,  B,  of  the  cell  being  connected  with  the  electrometer,  if  e 
is  the  (disturbing)  E.iM.F.  of  the  cell  in  the  dark  fwhich 
may  be  zero  or  very  suiall),  and  E  that  of  the  Daniell,  we 
shall  obtain  a  deflexion.  A,  given  by  the  expression 

the  signs  +  being  taken  according  as  e  produces  a  deflexion 
in  the  same  sense  as  E  or  in  the  opposite  sense.     This  is  on 
the  assumption  that  e  is  not  modified  by  E,  which  is  possibly 
false,  but  not  material  to  the  result.     Whether  e  is  or  is  not 
modified  by  E,  it  is  clear  that  if  S  is  very  small  compared 
with  R,  the  deflexion  on  the  scale  will  simply  indicate  E,  no 
matter  how  great  e  may  be  ;  and  hence  if  light  is  allowed  to 
fall  on  the  cell  with  this  arrangement,  there  icill  he  no  indica- 
tion of  its  effect  on  the  scale.     But  taking  S  of  the  same  order 
of  magnitude  as  R,  we  obtain,  when  the  cell  is  in  the  dark,  a 
deflexion  of,  say,  half  the  amount  produced  by  the  Daniell 
alone.     When  the  connexions  are  those  indicated  in  fig.  4, 
i.  e.  when  the  Cu  pole  is  connected  with  the  sensitive  plate, 
if  light  is  allowed  to  fall  on  the  cell  a  very  large  deflexion  of 
the  spot  (of  course  in  the  direction  opposed  to  A)  is  produced. 
If  after  this  we  reverse  the  connexions,  i.  e.  connect  the  Zn 
pole  with  the  sensitive  plate,  and  allow  the  spot  to  settle  to 
its  position  of  rest  in  the  dark,  and  then  let  the  light  fall  on 
the  cell,  the  deflexion  produced  by  light  is  vert/  much  smaller 
than  before.     To  quote  a  particular  case — when  the  Cu  pole 
was  connected  with  the  sensitive  plate  and  the  spot  came  to 
rest,   the  spot  was   deflected    from  this  point  through   260 
divisions    on    the    scale  ;    and    when   the    connexions    were 
reversed  and  the  spot  again  allowed  to  come  to  rest,  it  was 
deflected  from  the  point  of  rest  through  only  50  divisions. 

From  the  above  expression  it  is  obvious  that,  in  the  first 
mode  of  connexion  witli  the  Daniell,  the  deflexion  from  the 

zero  produced  by  light  is  g— X+p     ^  (E  —  e  +  X),  where  X  is 

it  +  o 

the  E.M.F.  due  to  light,  on  the  supposition  that  R  is  con- 
stant, so  that  the  observed  deflexion  on  the  scale  from  the 
point  of  rest  due  to  the  Daniell  is 
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and  if  \  were  the  same  in  the  second  mode  of  connexion,  the 
deflexion  would  be  also  of  this  value  ;  but  since  the  deflexion 
is  wry  notably  less  in  the  second  case,  it  is  almost  certain 
that  X  is  also  less. 

Observe  that  in  the  first  mode  of  connexion  the  action,  or 
possibly  only  the  tendency,  of  the  Daniell  is  to  deposit  a 
layer  of  oxygen  on  the  sensitive  [)late  ;  and  if  li«;ht  tends  to 
reduce  oxygen  at  the  surface,  its  action  would  be  increased 
owing  to  the  additional  layer  due  to  the  Daniell  ;  while  with 
the  revers(^  connexions,  the  reducing  action  of  light  would 
obviously  be  lessened. 

The  electrolytic  action  of  a  Daniell  battery  on  one  of  these 
cells  is  not  permanent  ;  it  disappears  rapidly,  and,  indeed,  it 
is  not  certain  that  anything  more  than  a  strain  tending  to 
electrolysis  is  produced. 

The  current  of  a  Daniell  cell,  or  any  battery,  if  passed 
through  an  impulsion-cell,  does  not  influence  the  state  of  the 
cell — i.  ^.,  this  current  does  not  alter  the  sensitive  to  the 
insensitive  state,  or  vice  versa. 

Supposing  S,  and  therefore  A,  to  be  such  that  when  (in 
the  first  case)  light  falls  on  the  cell,  the  spot  on  the  scale  is 
brought  back  just  to  the  zero  from  which  it  started,  if  the 
Daniell  is  suddenly  removed  the  light  will  then  cause  a 
further  deflexion — which  is  the  normal  amount  due  to  the 
light.  This  fact  agrees  perfectly  with  the  theory  of  a  reducing 
action,  because,  in  the  position  of  equilibrium  of  the  spot 
when  both  light  and  the  oi)})Osing  Daniell  act,  the  rate  at 
which  light  tends  to  reduce  is  equal  to  that  at  which  the 
Daniell  tends  to  deposit  oxygen  ;  and  therefore  in  this 
particular  case  the  plate  is  really  in  its  normal  state,  so  that 
when  the  Daniell  is  removed,  light  finds  the  plate  in  the 
condition  in  which  it  would  be  if  no  Daniell  cell  were  con- 
nected with  the  })hotoelectric  cell. 

Action  of  liferent  Coloni-.'^. — In  a  sensitive  tin-foil  cell,  the 
action  of  the  l)lue  part  of  the  spectrum  is  very  much  greater 
than  that  of  any  other  part  ;  but  measurable  results  can  be 
obtained  all  through,  as  will  be  seen  by  the  iliagram  exhibited 
to  the  Society.  The  sjiectrum  was  that  of  lime-light  passed 
through  a  prism  of  bisulphide  of  carbon,  a  single  cell  being 
used  in  the  ex]ieriment.  This  cell  has  been,  from  time  to 
time,  uniler  experiment  for  more  than  four  years,  and  its 
action  is  now  exliil)ited  to  the  Society.  It  has  not  appre- 
ciably lieterioratctl,  but  the  time  of  any  one  exposure  has 
never  been  more  than  a  few  minutes. 
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Selena- Ahiminium  Cells. 

In  the  year  1880  Mr.  A.  Graham  Bell  utilized  the  property 
of  conductivity  possessed  by  a  modification  of  selenium  which 
had  been  previously  found  to  be  a  conductor,  and  also  the 
property  of  variable  conductivity  when  light  of  variable 
intensity  falls  upon  it.  These  properties,  as  is  well  known, 
were  utilized  in  the  reproduction  of  sound  by  means  of  a 
telephone  and  a  battery  in  the  external  circuit  of  wliich  was 
placed  a  sensitive  selenium  conductor.  This  selenium 
arrangement  is  usually  called  a  "  selenium  cell,''  but  a 
seleniaiii,  conductor  or  a  selenium  resistance  is  a  much  more 
appropriate  term. 

When  the  photophone  was  announced,  selenium  resistances 
were  made  in  tliis  country  first,  I  believe,  by  Mr.  Shelford 
Bidwell,  who  showed  some  of  them  at  the  last  meeting  of  this 
Society,  and  by  means  of  them  produced  two  results  of 
striking  beauty,  which  I  shall  presently  endeavour  to  repro- 
duce b}^  different  means. 

Last  year  1  set  about  constructing  selenium  cells,  pro- 
perly so  called — that  is,  cells  in  which  electromotive  force  is 
produced  by  the  action  of  light.  The  method  adopted  was 
to  take  two  small  clean  plates  of  any  metal,  to  spread  a  thin 
layer  of  the  already  recognized  sensitive  selenium  on  the 
surface  of  one  of  them,  and,  connecting  each  with  a  fine 
platinum  wire,  to  immerse  them  in  presence  of  each  other  in 
a  small  glass  cell  containing  a  liquid.  Thus  a  large  number 
of  metals  and  a  large  number  of  liquids  had  to  be  tried  for 
the  best  result.  Plates  of  platinum,  silver,  tin,  copper,  zinc, 
bismuth,  mica,  glass,  and  other  substances  were  tried  with 
various  liquids.  With  copper  the  E.M.F.  produced  by  light 
was  almost,  if  not  quite,  zero.  All  the  others  gave  consider- 
able results  ;  but  much  the  best  result  was  obtained  with 
plates  of  aluminium  ;  and  for  some  time  the  liquid  used  was 
one  of  the  alcohols — preferably  metliylic.  In  the  course  of 
a  few  days,  however,  the  aluminium  plates  in  alcohol  were 
found  to  be  covered  with  a  kind  of  gelatinous  deposit,  which, 
I  am  told,  is  an  aluminate  of  alcohol.  This  liquid  was,  there- 
fore, abandoned ;  and  the  best  result  of  all  was  found  to  be 
produced  with  acetone. 

The  })rocess  of  forming  the  sensitive  plate  is  as  follows  : — 
On  an  iron  tripod  is  supported  a  )»orcelain  plate  which  is 
heated  from  below  by  a  Bunsen  flame  ;  the  little  strip  of 
cleaned  aluminium  is  placed  on  this  plate,  and  when  it  has 
got  hot,  one  end  of  it  is  held  in  a  forceps,  while  a  drop  of 
melted  selenium  placed  at  the  end  of  a  very  hot  glass  rod  is 
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rapidly  smeared  over  the  aluminium  plate.  This  selenium 
layer  should  be  of  uniform  thickness,  and  the  thickness  must 
be  neither  very  great  nor  very  small.  When  the  layer  is 
deposited,  the  aluminium  plate  is  quickly  removed  from 
the  porcelain  plate  by  the  forceps  and  rapidly  moved 
ii[)  :iiid  down  in  the  air  for  a  few  seconds,  the  gas- 
flame  being,  at  the  same  time,  removed  from  under  the 
porcelain  plate.  Both  plates  having  now  become  slightly 
cooler,  the  aluminium  plate  is  replaced  on  a  comparatively 
cool  part  of  the  porcelain  plate,  and  any  tendency  of  the 
selenium  to  become  liquid  is  checked  by  blowing  over  its 
surface.  Working  the  gas-flame  now  rapidly  backwards 
and  forwards  under  the  porcelain  plate  and  occasionally 
blowing  over  the  selenium  surface,  a  series  of  changes — very 
much  resembling  those  presented  in  the  preparation  of  a 
sensitive  tin  surface — are  observed.  The  appearances  are  as 
follows  : — 

1.  Th(^  originally  jet-black  selenium  surface  gradually 
assumes  a  bluish-white  appearance. 

2.  As  the  process  is  continued,  this  latter  surface  becomes 
a  grey  which  may  be  of  several  shades.  It  may  be  a  light 
grey,  or  a  grey  with  a  violet  tinge,  or  a  grey  with  some 
glossy  spots  or  streaks.  None  of  these  surfaces  is  to  be 
accepted.  They  are  the  final  forms  which  most  readily  pre- 
sent themselves  ;  and  when  they  do,  the  selenium  must  be 
melted  afresh  and  again  spread  over  the  aluminium  plate — 
the  whole  process  being  repeated  with  its  gradual  heatings 
and  coolings,  until  finally — 

3.  The  surface  of  the  selenium  assumes  a  very  dark  brown 
colour. 

This  is  the  most  sensitive  surface  that  can  be  obtained. 
At  first,  accepting  too  literally  the  statement  that  "  the  grey 
modification  of  seleniuui  is  the  sensitive  one,'^  1  accepted 
every  }>late  which  finally  assumed  a  grey  appearance,  and 
constructed  a  large  number  of  cells  for  a  battery.  By 
accident,  however,  a  plate  with  the  brownish  colour  was 
formed,  and  it  proved  to  be  so  much  superior  to  the  others, 
that  they  were  all  rejected. 

The  glossy  spots  and  streaks  which  sometimes  exist  on  the 
grey  surfaces  are,  I  think,  due  to  an  indefinitely  thin  layer  of 
the  black  selenium  which  has  escaped  the  necessary  transform- 
ation ;  and  to  observe  them,  it  is  well  to  look  at  the  plate 
almost  in  the  plane  of  its  surface.  The  dark  brown  surface  is 
devoid  of  them,  and  is  in  appearance  quite  homogeneous. 

When  the  plate  has  assumed  this  a})pearance,  it  may  be 
screened   from   light  and   left  on   the  porcelain  plate  to  get 
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cool,  for  which  about  ten  minutes  will  suffice.  When  the 
plate  has  cooled,  it  can,  apparently,  be  kept  in  the  dark,  un- 
immersed  in  any  liquid,  for  any  lenoth  of  time  before  being 
put  into  the  acetone  cell.  A  })late  was  thus  kept  for  sixteen 
days,  and  then,  on  being  placed  in  the  acetone  cell,  it  was  as 
sensitive  as  if  it  had  been  immersed  immediately  after  forma- 
tion. It  is  a  marked  peculiarity  of  the  seleno-aluminium  cell 
that,  immediately  after  it  has  been  set  up,  it  is  wonderfully 
rapid  in  its  response  to  light,  and  that  on  the  withdrawal  of 
the  light  the  E.M.F.  at  once  disappears  ;  but  after  a  few 
days  it  is  much  slower  in  both  respects — particularly  the 
latter — while  its  sensitiveness  as  regards  the  magnitude  of  the 
E.M.F.  developed  is  unimpaired. 

The  dispersion  of  the  residual  effect  is  produced  by  the 
means  before  described  for  the  tin  cells,  viz.,  connexion  with 
a  Daniell  cell,  the  sensitive  plate  being  now,  of  course,  con 
nected  with  the  Zn  pole  of  the  Daniell. 

No  sensitive  and  insensitive  states  due  to  vibrations, 
mechanical  or  electromagnetic,  have,  so  far,  been  observed  in 
the  seleno-aluminium  cells. 

Sign  of  the  E.M.F.  due  to  Light. — Unlike  the  tin-foil  plates 
described,  the  sensitive  plate  in  a  seleno-aluminium  cell  is 
strongly  negative  towards  the  insensitive  plate  when  the  cell 
is  exposed  to  light. 

Effects  of  Different  Colours. — The  seleno-aluminium  cells 
differ  from  all  other  photoelectric  cells  that  I  have  constructed 
in  their  great  sensitiveness  to  all  parts  of  the  spectrum,  the 
maximum  effect  being  produced  in  the  yellow  near  the 
borders  of  the  green. 

No  very  accurate  experiment  has  yet  been  made  on  this 
subject,  because  the  Thomson  quadrant-electrometer  at  my 
disposal  happens  to  be  out  of  order  ;  but  with  Clifton's  form 
of  the  instrument,  in  which  great  sensitiveness  has  been 
aimed  at  rather  than  accuracy  or  constancy,  the  following 
numbers  represent  the  relative  electromotive  forces  produced 
by  the  spectrum  of  an  albocarbon  light  formed  by  a  bisulphide- 
of-carbon  prism  : — 

Ked 109 

Border  of  red  and  yellow     .     .  117 

Yellow 130 

First  edge  of  green    ....  113 

Last  edge  of  green     ....  101 

Middle  of  blue       .     .     .     :  104 

End  of  blue 102 

The  E.M.F.  of  a  Daniell  was  rei)resented  by  408,  and  the 

S2 
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cell  was  about  one  metre  from  the  prism.  Most  probably,  of 
course,  the  number  101,  corresponding  to  the  border  of  green 
and  blue,  is  less  than  it  should  be. 

All  other  photoelectric  cells  may  almost  be  said  to  be 
sensitive  to  the  blue  alone. 

Kffect  of  Continuous  Exposure  to  LigJit. — The  effect  of 
exposing  a  seleno-aluminium  cell  continuously  to  daylight 
de])cnds  on  whether  the  cell  is  left  on  open  or  on  closed 
circuit.  A  cell  left  on  open  circuit  for  many  hours,  and  then 
kept  in  the  dark  until  its  E.M.F.  settles  down,  will  be  found 
to  have  fallen  to  one  fifth  of  its  original  value  ;  but  if 
then  kept  during  the  night  and  observed  in  the  morning, 
the  E.M.F.  produced  by  exposure  to  light  will  have  quite 
recovered  its  first  magnitude.  Not  so  with  the  cell  on  closed 
circuit  ;  its  E.M.F.,  on  fresh  exposure,  will  be  reduced  to 
nearly  one  half  its  original  value. 

A  cell  which  had  been  exposed  to  daylight  for  five  days 
(with,  of  course,  the  advantage  of  each  night's  resuscitation) 
is  now  shown  to  the  Society,  and  its  action  can  be  compared 
with  that  of  a  fresh  cell. 

('oiiuiwion  xoitJi  a  /kiniell  diirtnr/  E.q^osure.  —  When  a 
Daniell  with  a  very  groat  resistance  interposed,  as  described 
in  connexion  with  the  tin  cells,  is  connected  with  a  seleno- 
aluminium  cell,  so  that  the  Zn  pole  is  first  connected  with 
the  sensitive  plate,  and  then  with  the  insensitive,  the  E.M.F. 
developed  by  hght  is  much  greater  in  the  first  case  than  in 
the  second — a  result  which  is  the  same  as  before,  since  the 
seleno-aluminium  plate  is  the  negative  one  in  the  cell,  and 
therefore  the  effect  of  this  connexion  with  the  Daniell  is  to 
develop  between  the  poles  of  the  photo  cell  a  difterence  of 
potential  opposed  in  sign  to  that  which  light  produces. 

Mechanical  Efects. — The  E.M.F.  generated  by  light  in  a 
photoelectric  battery  can  be  utilized  for  ringing  electric  bells, 
lighting  or  extinguishing  electric  lamps,  and  possibly  other 
things,  although  the  materials  of  the  battery  are  never  used 
u])  in  producing  currents.  The  method  which  I  have  em- 
ployed consists  in  utilizing  the  motions  of  an  electrometer 
needle  (due  to  the  E.JM.F.  of  the  photoelectric  battery)  for 
making  a  contact  and  completing  the  circuit  of  an  ordinary 
voltaic  battery,  whose  current,  thus  completed,  rings  a  bell, 
lights  a  lamp,  &c. 

The  first  arrangement  which  I  employed  for  this  purpose 
was  as  follows  : — At  the  middle  of  the  aluminium  needle  of  a 
(piadrant-electrometer,  and  at  right  angles  to  the  length  of 
the  needle,  is  fixed  a  very  fine  glass  tube  about  l\  inch 
long  ;  a   platinum   wire  traverses  the   interior  of  this  glass 
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tube  and,  coining  out  at  its  ends,  this  wire  terminates  in  two 
little  spheres  of  platinum.  Over  the  quadrants  were  fixed  two 
small  mercury-cups  which  were  completely  insulated  from  the 
quadrants  and  which  were  permanently  connected  with 
the  poles  of  an  external  battery  which  had  an  electric  bell  in 
its  circuit.  When  light  shone  on  the  photoelectric  batteiy 
(whose  poles  were  connected  with  those  of  the  electrometer), 
the  needle  was  deflected  and,  carrying  the  little  glass  tube 
with  it,  brought  the  platinum  points  into  contact  with  the 
mercury  in  the  cups  ;  thus  the  circuit  of  the  voltaic  battery 
was  completed,  and  the  bell  rung.  This  arrangement  was 
unsatisfactory,  owing  to  the  difficulty  with  which  the  plati- 
num points  separated  from  the  mercury,  and  it  has  been 
replaced  by  a  much  more  satisfactory  plan  devised  by  Mr. 
Appleyard,  to  whom  I  beg  to  express  my  thanks  for  the 
untiring  perseverance  which  he  devoted  to  the  perfecting  of 
the  apparatus. 

The  improved  arrangement  is  as  follows  : — 
In  the  figure  N  N  represents  the  needle  of  the  quadrant- 
electrometer,  the  quadrants  of  which  are  not  represented  ; 


g  q  m  is  a  very  fine  glass  tube  passing  down  through  the 
middle  point,  ???,  of  the  needle;  a  ])latinum  wire,  pg<]mr, 
traverses  this  tube,  the  portion  y  <j  lying  at  right  angles  to 
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the  long  diameter,  N  N,  of  the  needle,  and  terminating  in  a 
sphere,  p  ;  the  portion  m  r  of  the  wire  dips  into  a  shallow 
dish,  (/,  of  mercury  which  is  supported  below  the  quadrants 
by  an  arm  not  represented  ;  a  platinum  wire,  t,  dips  into  the 
dish  d,  and,  passing  outside  the  case  of  the  electrometer,  is 
connected  with  one  end  of  the  coil  of  a  small  electromagnet,  e, 
whose  armature  is  a  ;  the  other  end  of  this  coil  is  connected 
with  one  pole  of  a  weak  voltaic  cell,  b,  whose  other  pole  is 
connected  with  a  small  platinum  plate,  s,  through  a  sup- 
port, A,  which  is  fixed  inside  the  case  of  the  electrometer,  and, 
of  course,  insulated  from  the  needle  and  the  quadrants  ;  the 
platinum  plate  s  is  fixed  toleraljly  close  to  the  position  of  rest 
of  the  platinum  point  p  ;  and  when  the  needle  is  deflected  by 
the  E.M.F.  of  a  photoelectric  battery,  P,  connected  with  the 
polos,  C,  D,  of  the  electrometer,  the  point  p  comes  into  contact 
with  the  plate  s  and  completes  the  circuit  of  the  voltaic 
cell  h,  and  thus  brings  the  armature  a  into  contact  with  the 
ma o net  of  the  coil  r.  :  this  connexion  completes  the  circuit  of 
a  voltaic  battery,  B,  in  whose  circuit  is  an  incandescent 
lamp,  L,  or  an  electric  bell,  which  is  then  set  in  action. 
The  needle  is  connected  with  the  sulphuric  acid  jar,  J,  by 
means  of  a  fine  platinum  wire,  u\  bent  into  a  semicircidar 
form  so  as  to  avoid  contact  with  the  dish  d  when  the  needle 
moves,  the  wire  to  terminating  in  a  vertical  length  exactly 
under  the  centre  of  the  needle  ;  thus,  since  the  wures  r  and  r 
are  in  the  vertical  axis  of  rotation  of  the  needle,  no  appreci- 
able friction  hinders  the  motion  of  the  needle. 

The  needle  is  suspended  by  two  fine  silk  fibres,/./,  from  a 
support  A  inside  the  case  of  the  electrometer.  Instead  of 
the  two  external  voltaic  batteries,  B,  /',  one  would  theoreti- 
cally suffice  ;  but  it  is  found  that,  to  prevent  sparking  and 
"stiction"  between  p  and  s  when  the  current  is  made,  it  is 
preferable  to  have  a  very  weak  current  traversing  this  portion 
of  the  arrangement — one  which  is  just  suflicient  to  work  the 
electromagnet  e. 

In  this  way,  by  means  of  a  few  seleno-aluminium  cells,  P, 
I  liave  found  no  difficulty  in  ringing  a  bell  by  the  light  of  a 
taper  or  that  of  a  match  held  at  a  distance  of  a  few  feet  from 
the  battery  P.  Observe  that  by  this  method  we  never  draw- 
on  the  materials  of  the  photo-battery,  because  no  current 
ever  passes  through  it  ;  it  is  simjdy  connected  with  the  poles 
of  the  electrometer,  and  its  E.M.F.  alone  is  employed. 

The  Problems  of  Pliotoeledricity. 

Three  prominent  problems  in  this  subject  deserve  to  be 
signalizcnl.     The  first,  and  least  pretentious,  is  the  construe- 
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tion  of  a  really  scientific  photometer.  It  cannot  be  said  that 
tlie  comparison  of  two  lights  by  means  of  a  spot  of  grease  is 
a  very  satisfactory  procedure  ;  hut  in  the  soleno-aluminium 
cell  we  have,  on  account  of  its  great  sensitiveness  and  range 
in  the  spectrum,  an  approximation  to  the  possibility  of  an 
electrophotometer — at  least  so  far  as  the  comparison  of  lights 
is  concerned.  For,  assuming  that,  by  means  of  such  a  cell, 
we  take,  as  it  were,  each  light  to  pieces,  and  note  the  inten- 
sities of  the  different  colours — which  are  directly  proportional 
to  the  squares  of  the  corresponding  electromotive  forces — 
we  could  then  apply  the  princi])le  of  Newton's  chromatic 
circle  to  determine  the  value  of  the  resultant  light.  The 
second  problem — and  that  which  in  1877  induced  me  to 
work  at  this  subject — is  the  electrical  transmission  of  an 
image  to  any  distance  ;  in  other  words,  the  construction  of  a 
telophotograph.  The  problem  seems  to  be  one  of  exceedingly 
great  difficulty — much  more  difficult  than  the  problem  of  the 
telephone — because  the  parts  of  an  image  are  simultaneous 
and  not,  like  the  sounds  of  the  voice,  successive  ;  and,  indeed, 
we  have  also  to  deal  with  a  quick  succession  if  we  are  to 
transmit  a  living  moving  image,  such  as  Homer  depicted  on 
the  shield  of  Achilles.  The  early  attempt  which  I  made  con- 
sisted in  the  construction  of  a  cable,  somewhat  on  the  model 
of  the  optic  nerve.  The  optic  nerve  consists  of  a  bundle  of 
fibres,  each  a  conductor  of  electricity  and  each  separated 
from  its  neighbour  by  being  surrounded  by  a  medium.  One 
set  of  ends  of  this  nerve  abuts  on  the  retina,  which  is  its 
sensitized  }>late,  and  the  other  in  the  brain.  It  is  well  known 
that  light  incident  on  the  eye  causes  a  photographic  decom- 
position on  the  retina  ;  and  I  believe  that  images  have 
been  seen  on  the  retina  of  a  rabbit  which  was  immediately 
killed  after  a  strong  light  had  been  presented  to  its  eye. 
The  images,  then,  of  external  objects  are  transmitted  along 
the  oj)tic-nerve  cable  to  the  brain,  where  by  some  means 
or  other  they  result  in  a  process  of  thought.  Possibly 
thought  is  an  equivalent  of  at  least  a  part  of  the  originally 
incident  energy.  No  satisfactory  solution  of  this  problem 
will  be  attained  by  any  slow  and  painful  mechanical  pro- 
cess of  tracing  out  in  succession  the  ^•arious  portions  of  a 
picture  ;  and  it  does  not  now  seem  that  we  are  near  any 
true  solution  of  the  problem,  whatever  startling  stories  the 
newspapers  may  from  time  to  time  j'eport. 

Tiie  third  problem  is  the  direct  transformation  of  the 
radiant  energy  of  the  sun  into  work  useful  to  us,  without  the 
consumption  (at  least  on  any  large  scale)  of  materials  on  the 
earth — in  other  words  to  set  rid  of  that  terrible  waster  of 
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energy,  the  steam-engine.  I  usually  find  two  ohjections 
made  against  any  investigation  in  this  direction.  The  first 
is,  that  the  attempt  is  contrary  to  the  principle  of  the  conser- 
vation of  energy.  The  objection,  however,  does  not  seem  to 
be  well  founded  ;  because  it  is  conceivable  that  a  photo- 
electric battery  may  yet  be  found  which  will  simply  act  as  a 
transformer  of  the  energy  which  it  receives  from  the  sun, 
while  its  own  materials,  being  merely  the  implements  used 
in  the  process,  may  be  almost  wholly  unmodified.  The 
energy  thus  taken  out  of  the  sun  may  finally  be  radiated 
out  into  space  from  the  earth  in  the  form  of  heat,  if  it  iri  true 
that  all  forms  of  energy  must  ultimately  pass  into  this  form 
— a  proposition  which,  being  a  very  wide  generalization 
from  our  experience  on  the  earth,  it  may  be  permitted  to 
doubt  in  the  universal  necessity  claimed  for  it. 

The  second  objection  is  that  there  is  not  energy  enough  in 
the  solar  rays  at  the  distance  of  the  earth  to  supply  the  work 
desired.  This  objection  is  founded  on  the  experiments  of 
Pouillet,  Violle,  and  others,  who  have  estimated  the  solar 
energy  incident  per  square  foot  per  second  on  the  surface  of 
the  earth.  Let  us  see  how  much  energy,  according  to  the 
assumptions  based  on  these  experiments,  is  at  our  disposal. 

The  quantity  of  solar  energy,  assumed  to  be  measured  in 
metric  thermal  units,  which  is  incident,  normally,  every 
minute  on  a  square  centimetre  at  the  distance  of  the  earth  is 
is  given  by  the  expression 

A  a% 

where,  according  to  Pouillet,  A  (the  solar  constant)  is 
1'7633  calories,  a  (the  atmospheric  constant)  is  something 
between  -7244  and  -7888— let  us  say  that  a=-75  ;  and  e  is 
the  ratio  of  the  thickness  of  atmosphere  traversed  to  the 
normal  thickness  of  the  atmosphere  measured  from  the  place 
of  observation.  M.  Violle  employs  a  formula  of  this  form, 
but,  according  to  him,  e  involves  tiio  height  of  the  barometer 
and  the  pressure  of  aqueous  vapour  present  in  the  air,  and 
A  =  2'54  calories.  At  the  superior  limit  of  the  atmosphere 
6  is,  of  course,  zero,  and  at  the  surfiico  of  the  earth,  for 
normal  rays,  6=1.  Taking  this  latter  value  of  e,  and  con- 
verting the  thermal  units  into  ergs,  the  quantity  of  energv 
incident  per  square  centimetre  per  minute  is 

1-3224  X  42  X  10«  ergs 

according  to  Pouillet.  and 

1-005  X  42  X  10"  ergs 
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according  to  Violle.       Converting   these    into   foot-pounds^ 
weight  per  square  foot  per  second,  we  have 

63*42  foot-pounds'  weight  per  sq.  foot  per  second  (Pouillet), 
91-35  „  „  „  „  (Violle). 

The  quantity  of  solar  energy  existing  at  any  instant  in 
one  cubic  foot  of  space  at  the  surface  of  the  earth  is,  of  course, 
obtained  by  dividing  these  numbers  by  the  velocity  of  the 
radiations  in  feet  per  second  (roughly  10"^),  and  this  quantity  is 
infinitesimally  small.  Perhaps  it  is  the  infinitesimal  value  of 
the  energy  in  a  cubic  foot  which  impresses  people  so  strongly 
with  the  insufficiency  of  the  solar  radiation  for  doing  work  ; 
but  it  is  obvious  that  with  this  quantity  we  are  not  concerned. 
It  is  the  amount  which  is  contained  at  any  instant  in  the 
immensely  long  column  through  which  the  energ}'  travels  in 
a  second  that  is  important. 

The  number  assumed  by  Clerk  Maxwell  ('  Electricity  and 
Magnetism,'  vol.  ii.  p.  402)  is  83*4,  which  is  very  nearly 
what  Pouillet's  becomes  at  the  superior  limit  of  the  atmo- 
sphere. 

Thus  we  see  that  the  amount  of  power  at  our  disposal  is 
small — yet,  perhaps,  not  hopelessly  small. 

But  is  it  necessary  to  accept  this  deduction  from  Pouillet's 
experiments  at  all  ?  I  think  not,  because  it  is  not  by  any 
means  certain  that  a  blackened  surface,  such  as  that  in 
Pouillet's  pyrheliometer,  catches  up  and  transforms  into  heat 
eveiy  form  of  energy  in  the  solar  beam.  There  may  be 
forms  of  energy  which  take  no  notice  of  blackened  surfaces 
and  wliich  refuse  to  be  converted  into  heat  by  means  of 
them.  Perhaps  the  proper  receptive  surfaces  for  them  remain 
to  be  discovered  ;  and  it  is  this  consideration  chiefly  which 
gives  hope  to  the  experimenter  in  Photoelectricity.  The 
dissipation  of  every  form  of  energy  in  the  Universe  into  the 
final  form  of  heat  of  uniform  temperature  is  a  dogma  and 
nothing  else — and,  moreover,  a  dogma  which  leads  to  the 
most  dismal  results.  Can  its  advocates  trace  the  process  in 
the  case  of  energy  incident  on  the  retina,  telephotographically 
transmitted  to  the  brain,  and  converted  into — or,  at  any  rate, 
productive  of — thought  ;  and  can  they  show  that  after  this 
process  nothing  but  lieat  remains  ? 

It  is  not  to  the  purpose  to  say  that,  ''  so  far  as  we  know," 
all  forms  of  energy  must  run  into  heat  finally,  and  be  diffused 
throughout  the  Universe,  because  wo  may  even  still  imagine 
that  there  are  many  very  astonishing  physical  facts  boyontl 
what  we  know.  Indeed,  even  in  the  unspeakably  dismal 
event  of  the  final  conversion  of  the  whole  "  visible  "  Universe 
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(whatever  that  may  mean)  into  one  huge  dark  inert  mass  of 
iiniform  temperature  in  which  no  life  is  possible,  this  much, 
at  least,  is  included  in  what  we  do  know — viz.,  that  we  shall 
not  have  then  got  rid  of  the  static  energy  of  gravitation  ; 
and  I  strongly  suspect  that  if  we  journeyed  out  to  Antares 
or  to  Aldebaran,  w^e  should  meet  with  intelligent  beings 
who  would  express  the  utmost  astonishment  that  we  could 
ever  have  framed  a  principle  leading  to  such  a  universal 
catastrophe. 


XXVI.   On  Gold-coloured  Allotropic  Silver. — Part  I. 
By  M.  Carey  Lea  *. 

[Plates  I.-IIl.] 

THE  object  of  the  present  paper  (which  may  be  considered 
as  a  continuation  of  that  ])ublished  in  the  American 
Journal  of  Science  for  June  1889)  will  be: — 

1st.  To  describe  the  reactions  of  gold-coloured  allotroinc 
silver. 

2nd.  To  show  that  there  exists  a  well-characterized  form  of 
silver  intermediate  between  the  allotropic  silver  previously 
described  and  ordinary  silver,  differing  in  a  marked  way  from 
both. 

3rd.  To  prove  that  all  the  forms  of  energy  act  upon 
allotropic  silver,  converting  it  either  into  ordinary  silver 
or  into  the  intermediate  form.  Mechanical  force  (shearing 
stress)  and  high-tension  electricity  convert  it  directly  into 
ordinary  silver.  Heat  and  chemical  action  convert  it  first 
into  the  intermediate  form,  then  into  ordinary  silver.  The 
action  of  light  is  to  produce  the  intermediate  torm  only,  and 
even  the  most  prolonged  action  at  ordinary  temperatures  does 
not  carry  it  beyond  this. 

•1th.  To  show  that  there  exists  a  remarkable  parallelism 
between  the  action  of  these  forms  of  force  on  allotropic  silver 
and  their  action  on  the  silver  haloids,  indicating  that  it  is 
not  improbable  that  in  these  haloids  silver  may  exist  in  the 
allotro})ic  condition. 

Reactions. 

The  most  characteristic  reactions  of  gold-coloured  allotropic 
silver  are  those  with  the  strong  acids.  When  normal  silver  re- 
duced with  milk  sugar  and  alkaline  hydroxide  is  left  in  contact 
with  strong  hydrochloric  acid  even  for  several  hours,  there  is  no 

*  From  nil  advance  proof  coinnmnicntid  by  the  Author,  to  \rhoiii  we 
are  also  iudobted  I'oi-  the  beautiful  Plates  illustrative  of  the  paper.— \V.  F. 
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action,  and  the  silver  after  thorougli  washino;  dissolves  in 
warm  dilute  nitric  acid  without  residue.  With  allotropic 
silver  similarly  treated,  chloride  is  always  formed.  But 
strong  hydrochloric  acid  instantly  converts  allotropic  to 
ordinary  silver,  and  consequently  only  a  trace  of  chloride  is 
produced.  By  largely  diluting  the  acid  the  conversion  is 
retarded  and  the  proportion  of  chloride  is  greatly  increased. 
Thus,  for  example,  when  ordinary  hydrochloric  acid  is  diluted 
with  tifty  times  its  volume  of  water  and  is  made  to  act  on 
allotropic  silver,  about  one  third  of  the  latter  is  converted  to 
chloride.  Probably  the  whole  would  be  but  for  the  simul- 
taneous conversion  to  normal  silver.  This  double  action  is 
very  curious,  and  strongly  differentiates  allotropic  from 
ordinary  silver.  Even  with  the  same  acid  diluted  with  a 
hundred  times  its  volume  of  water,  there  is  a  gradual  but 
com])lete  conversion  to  white  silver  accompanied  by  the  pro- 
duction of  a  not  inconsiderable  quantity  of  silver  chloride. 

Neutral  chlorides  also  act  strongly  upon  allotropic  silver, 
even  when  much  diluted.  So  sensitive  is  this  form  of  silver 
to  the  action  of  chlorides  that  if  in  washing  it  on  the  filter 
river-water  containing  a  mere  trace  of  chlorides  is  by  an 
oversight  used  instead  of  distilled  water,  a  grey  film  of 
normal  silver  will  form  on  the  surface. 

The  reactions  above  described  were  obtained  with  the  moist 
precipitate  freshly  prepared.  By  standing  for  some  time,  even 
if  kept  moist,  it  appears  to  undergo  a  change.  When  freshlv 
prepared,  it  is  slightly  soluble  in  acetic  acid,  but  after  standing 
for  a  week  or  two  ceases  to  be  so. 

Sulphuric  acid  diluted  with  fifty  times  its  volume  of  water 
has  no  action  upon  normal  silver.  When  made  to  act  upon 
allotropic  silver,  it  instantly  converts  it  to  normal  but  at  the 
same  time  dissolves  a  little  of  it. 

It  is  rather  curious  that  the  dry  film  of  gold-coloured 
allotropic  silver  seems  to  be  more  easily  acted  upon  by  some 
reagents  than  the  moist  precipitate.  I  have  noticed,  for 
example,  that  oxalic,  citric,  and  tartaric  acids  do  not  convert 
the  moist  precipitate  to  normal  silver,  but  films  on  pure 
pa})er  are  gradually  whitened  by  these  acids.  It  is  not  a 
question  of  strength  of  solution,  for  the  moist  precipitate 
remained  unchanged  for  twenty-four  hours  under  the  same 
solution  which  whitened  the  same  material  as  a  dry  film. 

Ammonia  seems  to  be  without  converting  action,  but  dis- 
solves a  trace.  It  will  be  shown  in  a  future  ])aper  that  there 
exists  a  form  of  allotropic  silver  abundantly  soluble  in 
annnonia. 

In  those  reactions  in  which  allotropic  silver  acts  the  part 
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of  a  reducing  agent,  as  for  example  with  potassium  ferri- 
cyanide  and  permanganate  and  with  ferric  chloride  &c.,  its 
behaviour  differs  from  that  of  ordinary  silver  chiefly  in 
showing  greater  activity.  Tlie  difference  is  rather  of  degree 
than  of  kind.  The  formation  hy  these  reagents  of  coloured 
films  will  he  described  at  the  end  of  this  paper. 

Intermediate  Form. 

AUotropic  silver  presents  itself  in  an  almost  endless  variety 
of  forms  and  colours — gold-coloured,  copper-coloured,  blue, 
and  bluish  green  (these  last  in  thin  films),  red  or  jmrple. 
Most  of  these  varieties  seem  to  be  capable  of  existing  in  two 
conditions,  of  which  one  is  more  active  than  the  other. 

If  we  coat  a  chemically  clean  glass  plate  with  a  film  of  gold- 
coloured  allotropic  silver,  let  it  dry  (first  in  the  air,  then  for 
an  hour  or  tw^o  in  a  stove  at  100°  C),  and  then  heat  the 
middle  of  the  plate  carefully  over  a  spirit-lamp,  we  shall 
obtain  with  sufficient  heat  a  circle  of  whitish  grey  with  a 
bright,  lustrous,  golden-yellow  ring  round  it,  somewhat 
lighter  and  brighter  than  the  portion  of  the  plate  that  has 
not  been  changed  by  heat.  This  ring  consists  of  what  I 
propose  to  call  the  "  intermediate  form." 

Its  properties  are  better  seen  by  using  a  film  formed  on 
pure  paper,  one  end  of  which  is  heated  over  a  spirit-lamp 
to  a  temperature  just  below  that  at  which  paper  scorches. 
The  change  is  sudden,  and  passes  over  the  heated  ])ortion 
of  the  surface  like  a  flash. 

Examining  the  changed  part,  we  find: — 

1st.  That  it  has  changed  from  a  deep  gold  to  a  bright 
yellow-gold  colour. 

2nd.  When  subjected  to  a  shearing  stress  it  does  not 
whiten  or  change  colour  in  the  slightest  degree. 

ord.  It  is  much  harder,  as  is  readily  perceived  in  bur- 
nishing it. 

4th.  It  no  longer  shows  the  colour  reaction  with  potassium 
ferricyanide  and  ferric  chloride,  changing  only  by  a  shght 
deepening  of  colour. 

Of  these  characteristic  changes  the  second  is  the  most 
remarkable.  The  gold-coloured  silver  in  its  original  con- 
dition changes  with  singular  facility  to  white  silver  :  almost 
any  touch,  any  friction,  effects  the  conversion.  If  the  paper 
on  which  a  film  is  spread  is  creased,  the  crease  is  louud  to  be 
grey.  Exposure  to  heat  or  to  light  destroys  this  capacity  for 
change,  and  it  is  often  lost  by  nu're  stamling  (even  though 
protected  from  Hght)  for  a  few  weeks.     This  evidently  imli- 
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cates  some  remarkable  molecular  chano;e.  It  will  be  noticed 
that  the  anomaly  lies  in  this,  that  pressure  instantly  effects  the 
complete  change  from  the  original  form  to  normal  silver,  heat 
effects  the  same  change  but  with  an  intermediate  stage,  at 
which  stage  pressure  no  longer  produces  any  action. 

The  intermediate  form  is  distinguishetl  from  normal  silver 
almost  solely  by  its  bright  yellow  colour  and  its  higher  lustre. 
This  last  difference  is  very  striking  when  a  fihn  on  glass  is 
heated  in  the  manner  above  described.  The  central  parts,  in 
changing  to  white  silver,  become  wholly  lustreless  ;  whilst  the 
circle  of  "  intermediate  "  retains  all  its  original  lustre.  Its 
continuity  is  still  complete,  so  that  if  viewed  through  the 
glass  it  still  acts  as  a  mirror. 

This  change  may  bo  either  molecular  or  depend  on 
dehydration. 

The  latter  seems  doubtful,  for  the  change  cannot  be  brought 
about  by  desiccation.  Films  on  paper,  on  glass,  and  also 
solid  material  were  kept  over  sulphuric  acid  in  vacuo  for 
twelve  days  *  without  bringing  about  this  modification.  (They 
were  of  course  thoroughly  protected  from  light.) 

Light  is  also  capable  of  effecting  to  some  extent  this 
change,  as  will  be  described  further  on. 


COPPEK-COLOURED  AlLOTROPIC  SiLVER. 

The  colour  of  allotropic  silver  depends  to  a  remarkable 
extent  on  the  amount  of  washing  which  the  freshly  prepared 
material  receives. 

With  a  short  washing  the  material  dries  to  a  bright  yellow- 
gold  colour ;  with  more  washing  to  a  reddish  colour  ;  with 
still  more,  the  colour  is  a  deep  rich  copper  shade. 

The  washing,  when  conducted  in  the  ordinary  manner,  is 
exceedingly  troublesome  ;  the  material  soon  begins  to  run 
through  the  filter,  and  blocks  it  up. 

This  trouble  may  be  completely  avoided  by  washing  with  a 
2-per-cent.  solution  of  liochelle  salt  instead  of  pure  water, 
until  towards  the  end  of  the  operationf. 


*  A  longer  time  was  inadmissible  on  account  of  the  tendency  to  spon- 
taneous alteration, 

t  Tlie  mode  of  preparing  the  gold-  and  copper-coloured  forms  is  as 
follows ;  the  difl'erence  is  in  the  length  of  washing  only. 

In  a  precipitating  jar  are  placed : — 

Water 800  c.c. 

20-per-cent.  sol.  liochelle  salt 200  ,, 

40-per-cent.  sol.  silver  nitrate oO   ,, 
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Substances  of  a  character  nearly  related  to  those  that  I 
have  described  in  this  and  the  previous  paper,  are  obtained 
by  acting  on  silver  tartrate  with  stannous  nitrate.  The 
method  is  more  troublesome  and  gives  inferior  results,  the 
gold-coloured  product  is  less  pure.  A  beautiful  steel-blue 
substance  obtained  in  this  way  was  found  to  contain  a  con- 
siderable quantity  of  tin,  probably  present  as  stannic  oxide  ; 
10"87  per  cent,  of  tin  corresponding  to  13*80  SnOj  was 
found  bv  analysis.  Another  analysis  gave  10*06  per  cent., 
corresponding  to  13*01  SnO^.  In  the  first  case,  the  quantity 
of  silver  found  was  83*61,  in  the  second  84"12  per  cent. 
These  results  do  not  lead  to  any  satisfactory  formula.  The 
tin  is  no  doubt  present  as  an  impurity,  and  as  the  iron  pro- 
cess  gave  f;ir  better  results,  the  examination  was  not  carried 
further.     Silver  citrate  gives  similar  results. 


Action  of  Different  Forms  of  Energy  on 
ALLOTRoric  Silver. 

1.  Actio)!  of  Electricity . 

High-tension  electricity  instantly  converts  gold-coloured 
silver  to  the  ordinary  form.  When  paper  covered  with  a 
film  of  gold-coloured  silver  is  held  between  the  conductors  of 
a  Topler-Holtz  machine,  each  spark  forms  a  grey  dot  of 
ordinary  silver.  A  powerful  discharge  is  not  necessary  ;  an 
inch  spark  from  a  small  machine  is  effectual,  even  when  the 
condensers  are  cut  off.  There  is  also  a  lateral  action,  which 
is  best  seen  when  several  slips  of  such  paj)er  are  held  loosely 
together  and  placed  Ijetween  the  conductors.  When  the 
slips  are  opened  a  little,  the  lateral  branches  are  beautifully 
seen,  playing  through  the  silver.  Their  fine  emerald-green 
colour  contrasts  with  the  purplish  shade  of  the  spark. 

When  several  pieces  are  in  this  way  held  between  the 
conductors  together,  there  is  a  transfer  of  silver  from  one 

In  another  vessel  are  placed  : — 

Water 800  c.c. 

20-per-cout.  sol.  Rockelle  salt 200   „ 

30-per-cent.  sol.  feiTous  sulphate  (crystallized)  ....     107   „ 

(Tht!  substances  must  be  added  in  the  order  above  given,  and  be  mixed 
immediately  before  using.  It  is  scarcely  necessary  to  say  that  distilled 
■water  must  be  used  exclusively.)  As  soon  as  the  mixtures  are  made  the 
iron  solution  is  to  be  poured  iuto  the  silver  and  vigorouslv  stirred  for  some 
time.  The  white  silver  tartrate  becomes  almost  immediately  bright  red, 
then  deepens  in  colour,  and  finally  becomes  black. 
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piece  to  the  other,  so  that  the  back  of  each  piece  of  paper  is 
blackened  by  silv(^r  carried  over  from  the  one  behind  it. 

That  the  branching  grey  spots  in  this  way  formed  are 
normal  silver,  is  easily  proved  by  immersing  the  piece  in  a 
dilute  solution  of  potassium  ferricyanide.  The  part  acted 
upon  by  electricity  is  not  aft'ected  by  the  reagent,  whilst  the 
rest  of  the  film  shows  the  coloration  characteristic  of  allo- 
tropic silver.  In  Plate  I.  the  upper  figure  shows  a  slip  of 
paper,  at  one  end  of  which  electricity  has  been  transmitted ; 
and  the  figure  below,  a  similar  slip  that  has  been  subjected 
to  the  action  of  the  ferricyanide,  showing  that  where  elec- 
tricity has  passed  the  silver  has  become  normal  and  is  not 
affected  by  the  reagent. 

2.  Action  of  Heat. 

Allotropic  silver  is  converted  by  heat  to  normal  silver  in 
either  the  wet  or  the  dry  state. 

Dry  Heat. — When  films  of  allotropic  silver  on  glass  are 
placed  in  a  Avater  desiccator,  and  are  kept  at  100°  C.  for  eight 
or  nine  hours,  the  central  portions  are  converted  into  the 
intermediate  form,  whilst  at  the  edges  there  is  a  border  of 
greyish- white  ordinary  silver.  In  fact  the  change  to  white 
silver  at  the  edge  commences  before  the  central  part  is  fully 
converted  to  the  intermediate  form. 

At  higher  temperatures  the  change  is  much  more  rapid 
and  better  marked.  At  180"  C.  the  first  effect  is  to  darken  a 
little  (this  is  usually  the  first  effect  of  heat)  :  this  continues 
about  five  minutes.  Continuing  the  heat  for  ten  minutes 
more,  the  slight  darkening  disappears  and  the  film  has  a 
bright  pure  gold  colour,  someiimes  with  a  slight  salmon 
tinge.  The  change  to  the  intermediate  form  is  now  complete, 
the  film  burnishes  yellow,  and  does  not  react  with  potassium 
ferricyanide.  It  is  of  interest  to  remark  that  the  colour 
reaction  persists  as  long  as  there  is  a  trace  of  unconverted 
material,  so  that  a  film  may  burnish  yellow  and  yet  show  a  loell- 
marked  colour  reaction.  This  is  because  most,  but  not  all  of 
the  material  has  undergone  conversion. 

At  200°  0.  the  film  begins  in  about  10  minutes  to  show  a 
white  border,  and  in  half  an  hour  or  thereabouts  it  whitens 
completely. 

Allotropic  silver  in  the  solid  form  heated  to  180"  or  190° 
for  about  15  minutes  undergoes  a  similar  change  :  where- 
as before  it  was  easily  pulverized,  it  is  now  almost  impossible 
to  reduce  it  to  powder,  and  the  powder  is  yellow  ii^stead  of 
being  greyish  black. 
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Moist  Beat. — A  film  spread  on  pure  paper  and  placed  in 
distilled  water  maintained  at  99""  or  100°  without  actually 
boiling,  at  the  end  of  half  an  hour  is  converted  almost  wholly 
to  the  intermediate  form.  It  burnishes  pure  yellow,  but  still 
shows  traces  of  the  colour  reaction. 

A  better  plan  of  operating  is  to  immerse  a  film  spread  on 
glass  in  distilled  water,  and  to  place  it  in  a  desiccator  with  a 
water-jacket.  After  keeping  for  twenty-four  hours  close  to 
lOO""  (J.,  the  film  has  become  pure  Avhite.  It  is  not  disinte- 
grated by  the  change,  but  may  be  detached  from  the  glass  in 
films  exactly  resembling  ordinary  silver  leaf. 

The  effects  of  heat  are  shown  in  Plate  I.,  lower  pair  of 
figures. 

3.  Action  of  Mechanical  Fo7-ce  [Sliearing  Stress). 

The  slightest  apphcation  of  force  suffices  to  instantly  con- 
vert gold-coloured  allotropic  silver  to  normal  silver.  A  glass 
rod  with  a  rounded  end  drawn  lightly  over  the  surface  of 
a  film  on  paper,  leaves  a  white  trace  behind  it.  The  force 
sufficient  to  cause  tliis  change  is  so  slight,  that  one  might 
douljt  its  reality  were  it  not  for  the  decisive  proof  immediately 
at  hand.  First,  there  is  the  characteristic  change  of  colour  : 
the  film  is  as  yellow  and  as  brilliant  as  gold  leaf  ;  the  hue 
drawn  by  the  glass  rod  is  of  pure  white  silver.  Immersing 
the  film  in  a  solution  of  potassium  ferrieyanide,  the  white 
lines  simply  change  to  gold  colour,  whilst  the  film  surface  on 
which  they  are  drawn  passes  through  a  brilliant  succession  of 
colours.  (These  effects  are  represented  in  Plate  II.,  the 
ui)permost  figures.)  For  this  use,  freshly  made  material 
should  be  employed,  and  the  film  itself  should  have  been 
freshly  spread  on  pure  paper  or  card  and  used  within  a  few 
hours  after  drying.  This  because  of  its  easy  partial  passage, 
especially  in  thin  films,  to  the  intermediate  state,  in  which  it 
gives  a  yellow  streak.  (See  also  remarks  as  to  partial  con- 
version, ante.) 

When  the  experiment  is  performed  under  proper  conditions, 
the  efi'ect  is  very  striking  by  reason  of  the  instant  conversion 
of  the  pure,  deep  yellow  metal  to  perfect  whiteness  without 
a  trace  of  colour. 

In  an  earlier  communication  to  the  '  American  Journal  of 
Science,'  it  was  mentioned  that,  having  taken  with  me  on  a 
journey  several  small  vials  containing  gold-coloureil  silver, 
they  were  fouml  at  the  entl  of  the  journey  to  be  all  converted 
into  white  silver  without  having  undergone  any  dis;\ggrega- 
tion,  and  retaining  the  original  shape  of  the  fragments.     The 
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white  silver  formed  had  the  fiue  frosted  white  colour  of  pure 
silver.  This  change  was  attributed  to  the  friction  of  the  frag- 
ments against  each  other,  occasioned  by  the  motion  during 
the  journey ;  a  conclusion  that  was  confirmed  by  finding 
that  when  cotton-wool  was  forced  into  the  empty  part  of  the 
vial  in  such  a  way  as  to  prevent  all  internal  movement,  the 
substance  could  be  sent  over  a  four-fold  distance  without 
alteration. 

It  was  also  observed  (and  this  is  a  matter  of  special 
interest)  that  when  a  partial  change  had  been  effected  by 
friction,  this  alteration  went  on,  although  the  substance  was 
left  perfectly  at  rest,  until  it  became  complete.  With  time, 
all  solid  specimens  of  allotropic  silver  undergo  this  sponta- 
neous change  to  bright  white  silver,  ap})arently  normal  silver, 
even  when  thoroughly  protected  from  light.  Out  of  over 
twenty  specimens  in  tightly  corked  tubes,  packed  in  a  box 
and  left  in  a  dark  closet  for  a  year,  not  one  escaped  conver- 
sion. Spread  on  paper  or  on  glass  and  duly  protected,  the 
change  is  slower. 

4.  Action  of  Strong  Acids. 

The  action  of  acids  upon  allotropic  silver  has  been  already 
described  ;  it  remains  only  to  add  here  that  the  conversion  to 
normal  silver  is  entirely  unaccompanied  by  the  escape  of 
gaseous  matter  ;  not  a  bubble  can  be  detected  by  the  closest 
observation. 

By  acting  on  dry  films  with  dilute  sulphuric  acid  it  is  eas}' 
to  make  the  conversion  gradual,  and  so  to  trace  its  passage 
through  the  intermediate  form. 

With  sulphuric  acid  diluted  with  four  times  its  bulk  of 
water  and  allowed  to  cool,  an  immersion  of  one  or  two  seconds 
converts  a  film  on  glass  or  on  pure  paper  wholly  to  the 
intermediate  form.  It  is  then  bright  gold  yellow,  but  shows 
no  colour  with  the  ferricyanide  reagent. 

With  sulphuric  acid  diluted  with  t^^^ce  its  bulk  of  water 
and  used  whilst  still  hot,  the  action  is  instantaneous,  and  the 
allotropic  silver  is  converted  into  light  grey,  normal  silver. 
The  silver  obtained  in  this  way  is  very  indiff'erent  and  gives 
no  reaction  with  potassium  ferricyanide,  whereas  even  ordinary 
silver  leaf  gives  a  pale-coloured  reaction,  (See  Plate  II.,  lower 
pair  of  figures.) 

The  same  acid  after  cooling  acts  more  slowly  ;  the  product 
is  more  yellowish,  owing  to  the  presence  of  a  certain  quantity 
of  the  intermediate  form. 

Phil.  Mag.  S.  5.  Vol.  31.  No.  190.  Mar.  1891.  T 
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5.  Action  of  Lie/ ht. 

When  allotropic  silver  is  spread  as  a  thin  fihn  on  glass  or 
on  pure  paper,  it  may  be  preserved  for  a  len^jjth  of  time 
apparently  unchanged.  This  appearance  is  deceptive.  From 
the  moment  that  the  fihn  is  formed,  a  slow  but  steady  change 
commences,  which  can  be  best  explained  by  supposing  that  a 
gradual  polymerization  takes  place.  Even  after  eight  or  ten 
hours'  exposure  to  ordinary  diffuse  light,  a  distinct  loss  of 
activity  can  be  detected  by  careful  testing  with  potassium 
ferricyanide.  The  change  which  occurs  is  in  the  nature  of  a 
tendency  to  a  very  gradual  passage  into  what  I  have  called 
the  intermediate  form,  in  which  the  gold-yellow  colour 
remains  unchanged  whilst  the  chemical  activity  is  lost  or 
much  diminished.  Although  a  commencement  of  this  change 
can  be  detected  in  a  few  hours,  it  goes  on  very  slowly.  By 
exposure  to  one  or  two  days  of  summer  sunshine  (a  much 
longer  time  is  required  in  winter) ,  the  change  is  nearly  com- 
plete. The  exposed  portions  are  lighter  and  brighter,  and  in 
solution  of  ferricyanide  they  colour  very  slowly. 

The  question  naturally  arose  whether  light,  by  a  sufficiently 
long  continued  exposure,  could  complete  the  change  and 
convert  allotropic  to  ordinary  white  silver.  To  obtain  a 
decisive  answer  the  following  experiment  was  made  : — 

At  a  window  having  a  south-eastern  exposure  and  un- 
obstructed light,  there  were  placed  films  on  glass  and  on  pure 
paper.  Some  of  these  were  placed  in  a  printing-frame  under 
an  opaque  design  ;  the  others  stood  side  by  side  with  the  lirst, 
but  luicovered.  The  exposure  was  continued  for  four  months, 
from  the  end  of  January  to  the  end  of  May.  At  the  expira- 
tion of  this  time  the  uncovered  paper  and  glass  films  were 
still  bright  yellow.  But  of  those  in  the  printing-frame  the 
exposed  portions  had  become  nearly  white,  whilst  the  pro- 
tected parts  retained  their  full  deep  gold  colour.  It  may  at 
first  seem  strange  that  the  uncovered  pieces  were  less  affected 
than  those  exposed  in  the  frame.  But  this  difference  was 
always  observed,  namely,  that  if  two  films  were  exposed  side 
by  side,  the  one  in  a  })rinting-frame  under  glass,  the  other 
sini})ly  fastened  to  a  board,  the  last  mentioned  was  always 
the  less  afiected.  The  explanation  of  this  seeming  anomaly 
lies  in  the  fact  that  allotropic  silver  is  always  much  more 
easily  affectetl  by  heat  than  by  light.  The  glass  in  the 
printing-frame,  by  exposure  to  sunlii'ht,  becomes  hot  to  the 
touch,  and  thus  the  film  umler  it  is  Kept  at  a  temperature 
man}-  ilegrees  higher  than  that  of  the  other  film  that  is  freely 
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exposed  to  the  air  ;  the  higher  temperature  aids  the  elt'ect  of 
the  light  *. 

It  appears,  therefore,  that  the  agency  of  light  is  somewhat 
similar  to  that  of  the  other  forms  of  energy,  but  very  much 
slower.  Experiments  made  for  the  purpose  demonstrated 
that  it  is  the  more  refrangible  rays  that  effect  the  change. 

With  light,  the  production  of  the  intermediate  form  is 
never  very  satisfactory.  Loug  exposures  are  needed,  and 
before  the  change  to  the  intermediate  form  is  complete,  the 
further  alteration  to  white  seems  to  commence.  With  heat 
the  changes  are  much  better  marked. 

When  a  film  on  pure  paper  has  received  an  exposure  of  one 
or  two  days  of  summer  sunshine  under  an  opaque  design,  the 
exposed  portions  are  sufficiently  changed  to  have  lost  much  of 
their  chemical  activity,  so  that  when  the  film  is  jjlunged  into 
a  bath  of  potassium  ferricyanide,  the  effect  given  in  the  lower 
figure  of  Plate  III.  is  obtained  ;  the  colour  represented  is 
one  of  an  immense  variety  of  tints  produced  by  this  reagent 
on  the  unaltered  or  active  form.  The  u})per  figure  of  the  same 
Plate  gives  the  effect  of  a  very  protracted  exposure  (as  above 
described}  on  pure  paper  (or  glass)  under  glass.  With 
some  kinds  of  sized  paper,  this  effect  is  produced  by  a  much 
shorter  exposure,  apparently  owing  to  the  presence  of  traces 
of  a  hyposulphite  f?  which  appears  to  aid  the  action  of  light. 


These  seem  to  be  not  merely  new  facts,  but  to  belong  to  a 
new  class  of  facts.  No  instance  has  been  hitherto  known  of  an 
element  existing  in  so  great  a  variety  of  forms,  and  passing 
so  readily  under  the  influence  of  any  form  of  energy  from 
one  to  another  of  them. 

*  Since  this  was  written  I  find  that  both  Herschel  and  Hunt  noticed 
an  analogous  fact  in  tlie  case  of  silver  chloride,  viz.  that  paper  prepared 
with  it  darkens  more  rapidly  under  glass  than  when  freely  exposed  ; 
Avithout,  however,  suggesting  the  cause,  which  is  the  same  in  both  cases. 
I  have  observed  that  silver  chloride  darkens  more  rapidly  when  exposed 
under  warm  water  than  under  cold  to  the  same  light  in  vessels  side  by 
side. 

t  The  behaviour  of  these  varieties  of  paper  led  me  to  make  inquiries 
of  an  intelligent  paper-manufacturer,  from  whom  I  learned  that  every 
sort  of  paper  pulp  is  now  treated  with  clilorine.  As  any  portion  of  the 
bleaching  material  left  in  the  paper  would  eventually  destroy  its  streugtli, 
it  becomes  necessar}*  to  add  hyposulphite  in  excess  to  remove  it.  Accord- 
ingly every  specimen  of  sized  paper  that  I  have  examined  contained 
hyposulphite,  even  the  purest  photographic  papers  were  not  free  from  it 
though  containing  greatly  less  than  most  others.  Apparently,  the  only 
difference  is  tliat,  with  photographic  paper  more  care  is  taken  to  avoid 
any  considerable  excess  of  hyposulphite. 

T  2 
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It  is  e\'ident  that  a  connexion  must  almost  certainly  exist 
between  these  varied  transl'ormations  and  the  changes  which 
jnany  silver  salts  undergo  through  the  action  of  light  and 
other  forces.  This  connexion  \\ill  form  the  subject  of  the 
second  part  of  this  paper.  The  present  partAvill  be  concluded 
by  a  somewhat  fuller  description  of  the  colour  reaction  which 
is  especially  characteristic  of  allotropic  silver. 


The  Colour  Reaction. 

When  allotropic  silver  is  immersed  in  a  solution  of  a  sub- 
stance readily  parting  with  oxygen  or  sulphur,  or  with  a 
halogen,  a  film  is  formed  which  exhibits  the  colours  of  thin 
plates.  Such  phenomena  are  familiar,  and  are  seen  in  the 
bluing  or  yellowing  of  steel  in  tempering,  and  the  colouring 
of  other  metals  when  covered  with  films  of  oxide  or  sulphide. 
With  allotropic  silver  the  colours  are  very  brilliant,  probably 
because  silver  is  the  best  of  all  reflectors  for  rays  havinga  nearly 
perpendicular  incidence,  sending  back  about  90  per  cent,  of 
such.  Light  gold-coloured  silver  gives  the  most  brilliant 
eflfects. 

The  substances  which  produce  these  reactions  are  potassium 
ferricyanide  and  permanganate,  ferric  and  mercuric  chlorides, 
alkaline  hypochlorites  and  sulphides,  mixtures  of  potassium 
bichromate  with  hydrochloric  or  hydrobromic  acid,  solution 
of  iodine,  &c. 

Potassium  ferricyanide  in  a  five  or  ten  per  cent,  solution 
is  the  best  of  these  reagents,  because  its  action  is  more  dis- 
stinctive.  In  particular,  the  blues  which  it  gives  are  of  great 
purity  and  the  purples  very  rich.  Ferric  chloride  gives 
beautiful  tints,  especially  a  peculiar  glittering  rose-colour. 
It  must  be  very  much  diluted,  until  the  solution  loses  its 
yellow  colour  and  takes  a  straw  shade.  It  often  happens  that 
the  characteristic  colour  does  not  appear  whilst  the  film  is 
in  the  solution,  but  a  bronze  shade  only,  the  permanent  colour 
appearing  only  after  the  film  has  been  dipped  into  water  and 
blotted  off.  Potassium  permanganate  also  gives  rise  to  a 
beautiful  succession  of  colours  on  allotropic  silver,  but  is 
somewhat  uncertain  in  its  action. 

A  ferricyanide  is  therefore  the  best  reagent.  As  to  the 
substance  constituting  the  film  which  is  formed,  it  is  difficult 
to  say  whether  it  is  silver  suboxide  or  ferrocyanide.  When 
potassium  ferricyanide  is  allowed  to  act  on  moist  allotropic 
silver  suspended  in  it,  and  the  action  of  the  ferrieyaniile  is 
carried  to  its  limit,  the   silver   is  entirely  converted    into  a 
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yellowish-white  powder,  consisting  almost  wholly  of  silver 
ferrocyanide  mixed  with  a  little  silver  ferricyanide. 

Of  the  many  varieties  of  ordinary  silver  which  exist,  allo- 
tropic silver  is  convertible  into  two  only.  The  high-tension 
spark,  heat,  and  acids  convert  it  to  dull  grey  silver  ;  on  this 
variety  potassium  ferricyanide  has  no  action  whatever,  as  will 
be  seen  by  an  inspection  of  the  Plates.  Light  (under  glass) 
and  pressure  each  convert  allotropic  to  bright  white  silver, 
and  on  this  form  potassium  ferricyanide  acts  slightly,  con- 
verting the  silver  colour  to  gold.  It  is  needless  to  say  that 
this  gold  colour  has  nothing  to  do  with  allotropic  silver  ;  it 
seems  to  be  produced  in  the  following  way  : — 

When  potassium  ferricyanide  acts  on  films  of  allotropic 
silver,  its  first  effect  is  to  deepen  the  gold  colour  to  a  gold 
brown,  passing  rapidly  on  to  other  shades.  The  action  on 
the  bright  white  silver  is  very  slight  and  apparently  just 
reaches  this  gold  stage,  which  corresponds  to  an  air-film 
having  a  thickness  of  from  O'OOOloO  mm.  to  0*000160  mm. 

The  succession  of  colours  obtained  on  allotropic  silver  with 
potassium  ferricyanide  is  as  follows  : — 

First  Order. 
Russet-brown. 
Brown-red. 

Second  Order. 
Rich  and  deep  purple. 
Dark  blue. 
Bright  blue. 
Pale  blue. 
Green  russet. 
Red. 

Third  Order. 
Reddish  purple. 
Bluish  purple. 
Rich  green. 

The  fourth  order  is  not  reached,  for  after  this  the  colours 
become  much  mixed,  i)robably  the  action  is  no  longer  suffi- 
ciently uniform.  The  other  differences,  besides  the  absence 
of  the  fourth  order,  as  will  have  been  observed,  are  that,  in 
place  of  the  yellow  of  the  second  order  corresponding  to  a 
thickness  of  air  of  0*000432  mm.,  there  is  a  green  though 
of  a  more  russet  shade  than  that  of  the  third  order. 

In  the  third  order  there  is  at  no  time  a  pure  blue 
corresponding  to  0*000602,  but  only  a  succession  of  beautiful 
red  and  blue  purples,  gradually  passing  into  green. 
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There  ;ir(5  few  more  beautiful  experiments  than  to  watch 
these  changes.  Purity  of  colour,  however,  depends  much  on 
the  purity  of  the  paper  employed.  Want  of  this  purity  will 
often  cut  short  the  changes  at  the  pale  blue  of  the  second 
order. 

I  have  endeavoured  to  give  some  idea  of  these  colours  in 
the  Plates  which  accompany  this  paper,  hut  it  has  proved  to 
be  a  most  difficult  task.     The  colours  represented  are — 

Plate  I.,  purple  and  blu<>  of  the  second  order. 

Plate  II.,  purple  of  the  second  order  and  green  of  the  third 
order. 

Plate  III.,  brown-red  of  the  first  order. 

It  has  not,  however,  been  found  possible  to  correctly  re- 
produce the  brilliancy  and  depth  of  colour  of  the  originals. 

Explanation  of  the  Plates. 

In  each  pair  of  figures  the  upper  one  represents  the  effect 
of  exposing  allotropic  silver  to  some  form  of  energy.  The 
changes  are  in  all  cases  the  same  ;  the  gold-coloured  silver  is 
couA^erted  by  all  forms  of  energy  to  ordinary  silver. 

In  the  lower  of  each  pair  of  figures  the  etfect  is  repre- 
sented which  would  be  ])ro(luced  by  immersing  the  up]ier  one 
in  a  solution  of  potassium  ferricyanide.  This  affords  proof 
of  the  completeness  of  the  change  by  showing  that  gold- 
coloured  silver  in  passing  into  the  ordinary  form  has  lost  its 
power  of  reacting  with  a  ferricyanide.  In  these  lower  figures 
an  attempt  has  been  made  to  show  some  of  the  colours  pro- 
duced in  this  way.  But  they  fall  short  of  the  originals  in 
brilliancy  and  intensity.  These  last  are  so  remarkable  that 
the  lithographer  who  executed  the  work  remarked  that  even 
an  artist  with  a  brush  and  palette  of  colours  could  not  imitate 
them,  and  that,  therefore,  it  was  hopeless  to  expect  to  repro- 
duce them  by  lithography.  In  other  respects  the  Plates 
represent  fairly  well  the  changes  that  take  place. 

Philadelphia,  Jau.  24,  1891. 


XXVII.     Some  Experiments  loith  Selenium  Cells. 
By  Shelfokd  Bidwell,  M.A.,  F.R.S.* 

IT  is  well  known  that  selenium,  like  sulphur,  which  it 
closely  resembles  in  its  chemical  ])roperties,  is  capable 
of  existing  in  several  distinct  forms,  diti'ering  greatly  in 
a})pearance.     The  modifications  most  commonly  met  with  are 

*  Communicated  by  tlio  Thysical  Society  :  i-ead  December  12, 1890. 
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known  as  the  black  amorphous  or  vitreous,  the  red  amorphous, 
and  the  crystalline  forms.  Selenium  is,  I  believe,  always 
supplied  commercially  in  the  vitreous  condition.  Vitreous 
selenium  is  as  structureless  as  glass,  and,  when  its  surfiice  is 
smooth  and  clean,  it  is  very  like  black  sealing-wax  in  appear- 
ance. In  thin  films,  however,  it  is  seen  to  be  transparent  and 
of  a  ruby-red  colour.  It  melts,  after  first  softening,  at  a  tem- 
perature of  about  100°  C.  Red  amorphous  selenium  is  a  finely 
divided  brick-red  powder,  which,  at  a  temperature  of  from 
80°  to  100°,  becomes  transformed  into  the  ordinary  dark- 
coloured  vitreous  form.  Crystalline  selenium  is  obtained  by 
keeping  melted  vitreous  selenium  at  a  temperature  of  from 
100°  to  200°  for  some  time,  the  black  liquid  mass  being 
gradually  converted  into  a  hard  slate-coloured  solid.  This 
form  of  selenium  melts  at  217°  :  it  resembles  a  metal  in 
a[)pearance,  and  even  in  the  thinnest  films  it  is  quite  opaque 
to  lioht. 

In  the  vitreous  condition  selenium  is  a  practically  perfect 
non-conductor  of  electricity  :  so  it  is  also  in  the  powdery 
condition  if  perfectly  dry.  Crystalline  selenium,  on  the 
other  hand,  is,  according  to  the  books,  a  good  conductor. 
In  comparison  with  true  metals,  however,  it  conducts  rather 
badly.  I  found  some  time  ago  that  the  specific  resistance 
of  a  plate  of  crystalline  selenium,  which  had  been  annealed 
for  several  hours  in  a  glass  mould,  out  of  contact  with  any 
metal,  was  2500  megohms,  while  that  of  another  specimen 
annealed  in  contact  with  copper  electrodes  was  0*9  megohm, 
the  lower  resistance  in  the  latter  case  being  due,  as  I  then 
suggested  and  still  think  probable,  to  the  formation  of  copper 
selenide  during  the  heatino-. 

A  very  remarkable  fact,  first  published  by  Mr.  Willoughby 
Smith  in  1873,  is  that  the  resistance  of  crystalline  selenium 
appears  to  be  temporarily  diminished  by  the  action  of  lio-ht. 
This  effect  is  easily  shown  by  means  of  a  small  piece  of 
crystalHne  selenium  fitted  with  wire  electrodes  and  joined  up 
in  circuit  Avith  a  battery  and  a  reflecting-galvanometer.  The 
galvanometer-deflexion  is  increased  when  the  selenium  is 
illuminated. 

In  order  that  the  resistance  of  a  so-called  "  selenium  cell " 
may  be  kept  as  low  as  possible,  and  the  light  made  to  produce 
a  maximum  effect,  three  conditions  have  to  be  aimed  at. 
The  electrodes  should  be  large  ;  they  should  be  near 
together;  and  the  selenium,  in  order  to  expose  a  large 
surface  relatively  to  its  volume,  should  consist  of  a  thin  film. 
Several  contrivances  have  been  proposed  with  the  view  of 
fulfilling  these    requirements.      A   simph?    and,    I    believe, 


252  Mr.  S.  Bidvvell  on  some 

effective  one  is  that  which  I  suggested  ten  years  ago 
('Nature/  vol.  xxiii.  p.  58).  A  fine  copper  wire  is  wound 
upon  an  ohlong  strip  of  mica  from  end  to  end,  the  number 
of  turns  being  about  20  to  the  inch  :  a  second  wire  is  then 
wound  on,  parallel  to  the  first,  the  turns  of  the  second  wire 
alternating  with  those  of  the  first  ;  great  care  is  taken  that 
the  two  wires  do  not  touch  oacli  other  anywhere.  A  thin 
layer  of  melted  selenium  is  spread  over  one  surface  of  the 
mica,  filling  the  spaces  between  the  wires.  The  film  is 
first  quickly  cooled  by  jjlacing  the  mica  upon  any  con- 
venient cold  surface,  then  it  is  crystallized  by  heating  at  a 
temperature  of  about  200°,  and,  lastly,  it  is  annealed  by 
gradually  lowering  the  temperature  for  several  hours.  A 
cell  made  in  this  manner,  with  a  surface  of  about  Id  sq.  cm., 
is  generally  found  to  have  a  resistance  in  the  dark  of  from 
50,000  to  100,000  ohms.  As  a  rule,  those  cells  which  have 
an  unusually  low  resistance  are  less  sensitive  to  light  than 
others.  In  a  cell  of  average  quality  the  resistance  is  reduced 
about  50  per  cent,  by  the  light  of  an  ordinary  gas-flame  at 
the  distance  of  one  foot. 

I  made  a  number  of  cells  on  this  plan  in  the  years  1880 
and  1881.  Up  to  the  end  of  1882  they  were  frequently 
used,  and  no  material  falling  off  in  their  sensitiveness  was 
noticed.  Thirteen  of  these  cells  were  laid  aside  until  1885. 
They  had  then  for  the  most  part  deteriorated  more  or  less, 
one  or  two  of  them  being  quite  useless.  They  were  again 
put  away  until  the  present  year,  18U0,  when  it  was  found 
that  only  one  of  the  thirteen  retained  its  original  sensitive- 
ness and  resistance  unimpaired.*  A  second  one  worked 
fairly  well  with  a  feeble  current,  its  resistance  with  a  single 
Leclanche  cell  bein";  in  the  dark  1-4,000  ohms,  and  when 
illuminated  by  a  gas-flame  at  12  inches,  8000  ohms  ;  but 
with  a  battery  of  six  cells  the  resistance  became  variable  and 
unsteady,  as  if  there  were  a  loose  contact  somewhere,  and  a 
continuous  boiling  noise  was  heard  in  a  telephone  introduced 
into  the  circuit.  The  resistance  of  the  remaining  eleven 
colls  had  fallen  enormously,  in  some  cases  to  less  than  10  ohms, 
and  they  were  quite  insensitive  to  the  action  of  light.  An 
attem])t  was  made  to  restore  most  of  them  by  melting  down 
the  selenium  and  recrystallizing  and  amiealing  ;  but  though 
the  resistance  could  in  this  manner  be  brought  up  again  to  a 
high  point,  the  sensitiveness  of  the  renovated  cells  was  in  all 
cases  found  to  l)o  very  poor. 

Prof.   Adams  states  (Phil.  Trans,  vol.  clxvii.  p.  348)  that 

*  This  cell  had  tlio  unusually  high  ivsistauoe  of  400.000  ohms,  reduced 
by  the  light  of  a  gas-jut  at  one  foot  to  rtX),00()  ohms. 
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in  the  course  of  a  year  the  resistance  of  most  of  the  pieces  of 
selenium  with  which  he  performed  his  well-known  experi- 
ments fell  very  considerably,  and  it  would  be  of  great  interest 
to  know  what  is  the  cause  of  this  curious  phenomenon.  In 
the  case  of  my  own  cells,  I  satisfied  myself  that  it  certainly 
was  not  due  to  any  short-circuiting  of  the  wires  by  contact  ; 
and  I  suggest  that  it  may  be  owing  to  the  presence  of  an 
excessive  amount  of  conducting  selenide  formed  by  the  union 
of  the  selenium  with  the  metal  of  the  electrodes.  Each  wire 
is  covered  with  a  layer  of  selenide,  which  gradually  increases 
in  thickness  at  the  expense  of  the  free,  badly-conductino- 
selenium,  and  thus  the  resistance  of  the  cell  slowly  falls.  At 
length  the  layers  of  selenide  become  so  thick  that  the  coatino-s 
upon  the  two  wires  actually  meet  and  touch  each  other. 
Thereupon  the  cell  is  short-circuited  ;  its  resistance  no  lonoer 
depends  upon  the  selenium  but  upon  the  metallic  selenide, 
which  is  a  good  conductor. 

I  have  in  a  former  paper  (Proc,  Phys.  8oc.  vol.  vii.  p.  129  ; 
Phil.  Mag.  Aug.  1885,  p.  178)  given  reasons  for  behevino- 
that  the  presence  of  a  certain  amount  of  metallic  selenide  is 
essential  to  the  sensitiveness  of  a  cell,  and  I  have  stated  my 
opinion  that  the  true  function  of  the  prolonged  heating, 
generally  termed  "  annealing,'"'  is  the  formation  of  this  neces- 
sary selenide,  which,  when  a  current  passes  through  the  cell, 
is  electrolysed,  selenium  being  deposited  upon  the  anode  wire. 
With  the  weak  currents  generally  used,  the  quantity  of 
deposited  selenium  would  be  very  small,  and  would  at  once 
unite  with  the  metal  of  the  electrode.  But  if  a  sufficiently 
strong  current  were  passed,  it  is  conceivable  that  the 
selenium  might  be  separated  in  quantities  too  great  to  be 
disposed  of  in  this  manner.  Then  the  free  selenium  around 
the  electrode  ought  to  be  visible.  This  view  is  conlirmed  l)y 
a  recent  experiment.  A  cell  was  made  last  October  with  new 
selenium  and  the  usual  copper-wire  electrodes.  It  was  well 
annealed,  and  its  resistance  was  about  50,000  ohms.  The 
cell  was  connected  to  a  26-volt  battery^  and  left  for  two  davs. 
At  the  end  of  that  time  the  cell  presented  a  remarkable 
appearance,  those  portions  of  the  anode  wire  where  the 
selenium  coating  happened  to  be  thin  being  covered  with  red 
feathery  tufts,  some  of  which  had  dropped  off  and  fallen 
upon  the  paper  on  which  the  cell  was  lying.  Ordinary  tests 
showed  that  the  red  stuff  consisted,  mainly  at  all  events,  of 
red  amor[)hous  selenium.  But  it  was  clearly  moist.  All 
very  fine  powders  seem  to  attract  moisture  from  the  atmo- 
sphere ;  but  in  the  present  case  the  moisture  appeared  to  be 
greater  than  could  bo  thus  accounted  for.     An  examination 
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undor  tbo  microscope  disclosed  the  presence  of  a  number  of 
minute  lumps  of  a  white  suljstance,  intermixed  with  the  red 
stuff.  The  kimps  had  the  apjiearance  of  pieces  of  calcium 
chloride  which  had  been  exposed  to  tbe  air,  and  they  were 
clearly  the  orifiin  of  the  moisture.  They  consisted, no  doubt, 
of  selenium  oxide  or  hydroxide,  which  is  probably  a  deliques- 
cent substance.*  This  oxide  miglit  perhaps  be  formed  by 
the  direct  combination  of  some  of  the  freshly  separated 
selenium  with  the  oxygen  of  the  air,  or  with  that  resulting 
from  the  electrolysis  of  traces  of  water  existing  in  the  cell. 

In  the  discussion  which  followed  the  reading  of  my  former 
paper,  the  late  Mr.  J.  W.  C*lark  took  exception  to  a  hy- 
pothesis therein  put  forward  as  to  the  prolxible  action  of  the 
selenides  formed  in  selenium  cells,  on  the  ground  that  selenide 
of  copper  conducted  metallically  and  not  electrolytically. 
This  he  stated  to  have  been  experimentally  proved  by  Hittorf 
(Pogg.  Ann.  vol.  Ixxxiv.  1857,  quoted  by  J.  W.  Clark,  Proc. 
Phys.  Soc.  vol.  ^A\.  pp.  119,  120t;  Phil.  Mag.  July  1885, 
pp.  38,  39).  But  if  the  amorphous  selenium  surrounding  the 
anode  in  my  recent  experinH'ut  was  formed  otherwise  than  by 
electrolysis,  it  is  difficult  to  imagine  wli}^  it  should  be  confined 
to  the  anode,  as  was  seen  to  be  the  fact,  and  not  extend  also  to 
the  kathode  and  other  portions  of  the  cell.  The  inference  seems 
to  be  that  copper  selenide  does  conduct  electrolytically  j. 

When  the  resistance  of  this  cell  was  tested  with  the  Wheat- 
stone's  bridge,  it  was  found  to  have  diminished  enormously. 
It  was  also  not  sensibly  affected  by  illumination,  but,  on  the 
other  hand,  it  appeared  to  be  dependent  in  a  curious  way  on 
the  direction  of  the  current  used  in  testing.  With  one 
Leclanche  cell  and  equal  proportional  coils  of  100  ohms 
each,  the  resistance  with  a  current  from  anode§  to  kathode 
was  4500  ohms,  and  with  a  current  in  the  opposite  direction 
only  2900  ohms.  The  change  occurred  with  great  regularity 
as  often  as  the  current  was  reversed. 

The  cell  was  then  connected  directly  to  the  galvanometer 
without  any  battery,  and  a  very  small  polarization  current 
from  kathode  to  anoile  through  the  cell  was  indicaied.  While 
thus  connected,  a  piece  of  magnesium  ribbon  was  burnt  near 
the  cell.     Instantly  the   spot  of  light   was  deflected   oft"  the 

*  Since  the  above  was  wi-itten,  Prof.  S.  U.  Pickering,  F.R.S.,  has  told 
mo  tliat  the  oxides  of  selenium  are  deliquescent. 

+  This  paper  of  INIr.  Clark's,  though  printed  in  the  *  Proceedings'  be- 
fore my  own,  was  in  fact  read  after  it. 

I  The  cell  with  the  red  amorphous  selenium  on  tbe  anode  was  exhibited 
to  the  meeting. 

§  Tlie  wire  upon  which  the  amorphous  selenium  was  deposited  is  here 
and  afterwards  called  tlio  anode. 
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scale  by  a  current  in  the  opposite  direction  {{.  e.  from  anode 
to  kathode  internally),  returning  to  its  former  position  as  soon 
as  the  magnesium  was  extinguished.  This  was  not  a  thermo- 
electric effect,  for  the  approach  of  a  hot  brass  rod  caused  a 
smaller  current /ro?7z  kathode  to  anode,  which  subsided  slowly 
and  not  suddenly  when  the  rod  was  withdrawn. 

Photoelectric  currents  of  this  character  had  been  previously 
observed  by  Prof.  Adams  and  by  Mr.  Fritts  of  New  York, 
but  no  explanation  of  their  origin  has  been  attempted. 
Perhaps  the  behaviour  of  my  cell  may  suggest  the  direction 
in  which  the  source  of  such  currents  should  be  looked  for,  but 
I  have  not  yet  followed  up  the  inquiry. 

In  the  illustration  of  lectures  it  is  often  desirable  to  be  able 
to  exhibit  experimental  effects  in  a  striking  and  attractive 
manner.  The  movements  of  a  spot  of  light  upon  a  scale  may 
be  con\ancing,  but  they  are  hardly  impressive.  Yet  the 
resistance  of  sensitive  selenium  cells  is  so  high  that  the  varia- 
tion, under  the  influence  of  light,  of  currents  passing  through 
them  cannot  easily  be  demonstrated  to  an  audience  in  any 
other  manner  than  by  their  action  upon  a  reflecting-galva- 
nometer.  With  sufficient  battery-power  they  may,  however, 
be  made  to  work  a  delicate  relay,  and  thus  to  produce  indi- 
rectly a  great  variety  of  startling  effects.  For  example,  a 
selenium  cell  may  be  connected  with  a  relay  and  a  battery  in 
such  a  manner  that  a  bell  is  rung  when  the  cell  is  in  the  dark 
and  ceases  to  ring  when  the  cell  is  illuminated  ;  the  bell 
circuit  remaining  closed  when  the  current  through  the 
selenium  circuit  is  below  a  certain  strength,  and  being  broken 
by  the  relay  when  the  selenium  current  is  increased  by  the 
action  of  light.  It  is  possible  that  if  selenium  cells  could  be 
made  to  retain  their  sensitiveness  for  a  reasonable  time,  an 
arrangement  of  this  kind  might  receive  a  practical  applica- 
tion. It  might  be  used  to  give  notice  of  the  accidental  ex- 
tinction of  railway  signal-lamps  or  of  ships^  lights  ;  and  if  the 
connexions  were  so  made  that  light  and  not  darkness  set  the 
bell  in  action,  it  might  be  employed  for  the  protection  of  safes 
and  strong-rooms,  the  mere  light  of  a  burglar's  lantern  being 
sufficient  to  give  an  alarm. 

Again,  if  the  relay  is  connected  with  an  electric  lamp 
instead  of  a  bell,  it  constitutes  a  contrivance  by  means  of 
which  a  hght  is  proA-ided  automatically  when  required,  and 
extinguished  when  no  longer  wanted.  It  gives  us  a  lamp 
which  will  light  itself  in  the  dark  and  put  i.self  out  in  the 
light.  The  relay  can  be  adjusted  so  that  the  lamp  may  be 
turned  out  when  the  external  illumination  reaches  any  desired 
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point,  the  diffused  light  of  a  dull  December  day  being  quite 
sufficient  to  act  upon  the  selenium  *. 

But  I  do  not  at  present  attach  any  serious  importance  to 
such  practical  applications  of  these  devices.  I  regard  them 
simply  as  afibrding  somewhat  attractive  illustrations  of  the 
effect  of  light  upon  the  resistance  of  selenium. 


XXVIII.    Visibility  of  Iiderference-Fnnges  in  the  Focus  of  a 
Telescope.     By  Albert  A.  Michelson. t 

WHEN  the  angle  subtended  by  an  object  viewed  through 
a  telescope  is  less  than  that  subtended  by  a  light- 
wave at  a  distance  equal  to  the  diameter  of  the  objective,  the 
form  of  the  object  can  no  longer  be  inferred  from  that  of  the 
image.  Thus,  if  the  object  be  a  disk,  a  triangle,  a  point,  or  a 
double  star,  the  appearance  in  the  telescope  is  nearly  the 
same. 

If,  however,  the  objective  is  limited  by  a  rectangular  slit, 
or  better  by  two  such,  equal  and  parallel,  then,  as  has  been 
shown  in  a  former  paper  |,  the  visibility  of  the  interference- 
fringes  is  in  general  a  periodic  function  of  the  ratio  of  a,  the 
angular  magnitude  of  the  source  in  the  direction  perpendicular 
to  the  length  of  the  slits,  and  a^„  the  ''  limit  of  resolution." 

The  period  of  this  function,  and  thence  — ,  mav  be  found  ^^^th 

great  accuracy ;  so  that  by  annulling  the  greater  portion  of 
the  objective  the  accuracy  of  measurement  of  the  angular 
magnitude  of  a  small  or  distant  source  may  be  increased  from 
ten  to  fifty  times.  As  ordinarily  understood,  this  increase  of 
"  accuracy  "  would  be  at  the  cost  of  "  definition ''  (which  in 
this  sense  is  practically  zero)  ;  but  if  by  "  definition  ''  we 
mean,  not  the  closeness  of  the  resemblance  of  the  image  to  the 
object,  but  the  accuracy  with  which  th<'  form  may  be  inferred, 
then  definition  and  accuracy  are  increased  in  about  the  same 
proportion. 

In  almost  every  case  likely  to  arise  in  ]u-actice,  the  form  of 
the  source  is  a  circular  disk  ;  and  if  the  illumination  over  its 
surface  were  uniform,  the  only  j)roblem  to  be  solved  would  be 
the  measuri'ment  of  its  diameter.  But  in  many  cases  the 
distribution  is  anything  but    unil'urni.      If  the  curve  repre- 

*  Expovinionts  witb  the  boll  and  the  lamp  were  shown  at  the  meeting*. 
t  Communicated  by  the  Author. 

\  "On  the  Applieation  of  Intorfevonco  Metliods  to  Astronomical 
Measurements  "  (Phil.  INlag:-  -^"Iv  ^^^^)- 
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seuting  the  distribution  along  the  radius  be  i=ylr(r),  then  the 
element  of  intensity  of  a  strip  i/idx  will  be 


J* 


■y^{r)chj  =  <^{x), 


and  it  has  been  shown  that  the  visibility-curve  in  this  case  is 

r</)(a;)  cos  kx 

\<^{x)dx 

This  may  be  proved  as  follows : — 

The  intensity  of  the  diifraction-figure  of  a  Imnlnous  point 
in  a  telescope  with  a  symmetrical  aperture  is  * 

I"=  K^  cos  «:/Xj.ri  cos  KViyi(ZA'i</_yi     ,     •      •     •     •     (1) 

in  which  K=2'7r/\,  /x^  and  v^  are  the  angular  distances  from  the 
centre  of  the  image,  and  x^  and  ?/i  are  the  coordinates  of  tlie 
element  of  surface  of  the  aperture. 

If  fj,  and  V  are  counted  from  the  axis  of  the  telescope  and 
X,  1/,  r,  are  the  coordinates  of  the  luminous  point,  the  expres- 
sion becomes 

If  now  the  source  is  a  luminous  surface  whose  elements 
vibrate  independently, 

l=^^¥dxd^ (3) 

For  the  case  of  two  equal  apertures  t  whose  centres  are  at 

Xi=—l(in  and  Xi=  +ian, 

l'^=r^cosH'^"n(/^-"'.) (^) 

This  substituted  in  (3)  gives 

1=  11  P  cos^  h'^'^ni  fJ'  —  '-jdxdT/. 

*  '  Wave  Theory  of  Light/  Rayleigh. 

t  More  generally,  for  m  equal  equidistant  apertures  whose  total  area  is 
constant, 

T   _T  s'li  ^  viKnn 
"'       m  sin  r,  Kfia 
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Putting  KanfM=-^,  >can/r=kii,  and  expanding, 

2T=Jj'Pf/A'f?//J-cos^  ffPcos^,i,rf/civ/y  +  sin  ^ ^^1^  sin ki^xclxdi/  .     (5) 

Let  y=.<p{x)  be  the  equation  of  tlu;  curve  bounding  the 
luminous  surface;  or,  better,  let  <f){,r)(Lr  be  the  "total 
intensity  "  of  a  strip  of  width  dx. 

Denoting  I  I'd//  by  l'(.f),  and  omitting  the   factor   2, 

equation  (5)  becomes 

l=^F{x)dx+coii  •&  f  F(.70  cos  Lvdx+  sin  ^  f  F(.i')  sin  kxda;, 

or  I  =  P  +  Ccos3  +  Ssin^ (6) 

If  the  width  of  the  apertures  is  small  compared  with  their 
distance,  the  variations  of  F(.r)  with  fi  (or  •&)  niay  be  neglected, 
and  in  this  case  the  maxima  or  minima  occur  when 

tan  3  =  .^„    or  when  1  =  P  +  ^/Q^TS^. 

If  now  the  visibility  of  the  interference-fringes  be  defined 
as  the  ratio  of  the  difference  between  a  maximum  and  an 
adjacent  minimum  to  their  sum 

or 

[^¥{x)cosLvdxf+[^F{a;)miLvdxY 

^'=  [Jf(..m":^  •  •  •  ^^^ 

For  narrow  rectangular  apertures, 

Ji'-t     " 
In  this  expression,  if  r  =  U  ami  Z/  =  l('ngth  of  aperture, 


So  Ion; 


K'i=|j,</)i(.r)  and  ir.^ —  (p^i-v). 


2^)      X 
r      ^  />' 


F(a,-)  is  nearly  ])roportional  to  (f>{.r)  ;  that  is,  so  long  as  the 
angle  subtended  by  the  source  is  less  than  the  limit  ot  resolu- 
tion of  a  telescope  with  ai)erture  /',  the  brightness   is   pro- 
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I)ortional  to  the  size  of  the  object.  For  larger  angles  the 
proportionality  may  still  be  made  to  hold  by  a  shght  alteration 
in  the  focal  adjustment ;  and  to  this  degree  of  approximation 
we  have 

[  \  ^(■^*^)  cos  kxdx'Y+  [  \  <f>(^^)  s'in  kxdic]^ 

"  [j^G'W  '  ■    ■        ^^'^ 

If  the  source  is  symmetrical  the  second  term  vanishes,  and 
the  expression  reduces  to  the  original  form. 

It  is  possible  that,  in  addition  to  the  uses  already  mentioned, 
the  "  visibility-curve  "  may  have  an  important  application  in 
the  case  of  small  spherical  nebulsB.  For  from  the  form  of 
this  curve  the  distribution  of  luminous  intensity  in  the 
globular  mass  may  lie  inferred,  which  would  furnish  a  valu- 
able clue  to  the  distribution  of  temperature  and  densitv  in 
gaseous  nebulse. 

When  the  som'ce  is  so  small  as  to  be  indistinguishable  from 
a  star,  it  would  seem  that  this  method  is  the  only  one  capable 
of  giving  reliable  information  ;  but  even  in  the  case  of  bodies 
of  larger  a[)parent  size  it  is  equally  applicable,  may  he  made 
to  give  results  at  least  as  accurate  as  could  be  obtained  by 
photometric  measurements,  and  is  far  more  readily  applied. 


XXIX.  On  the  Heating  of  Conductors  hy  Electric  Currents^  and 
on  the  Electric  Distribution  in  Conductors  so  heated.  By 
J.  McCowAN,  M.A.,  B.Sc,  Assistant  Lecturer  on  Natural 
Philosophy,  University  College,  Dtmdee^. 

SO  far  as  I  am  aware,  no  problems  in  thermal  distribution 
involving  an  internal  generation  of  heat — such,  for 
instance,  as  takes  place  in  the  passage  of  an  electric  current 
through  a  conductor — have  hitherto  been  discussed.  Fourier, 
the  founder  of  the  mathematical  theory  of  thermal  conduction, 
takes  no  account  of  possible  internal  sources  of  heat  in  forming 
his  equations,  and  considers  only  problems  in  which  the  sources 
are  superficial.  The  same  may  be  said  of  Poisson,  Lame, 
Riemann,  and  others  who  have  since  applied  and  extended 
Fourier's  methods.  Thomson,  in  his  synopsis  of  the  mathe- 
matical theory  f,  has  ex})ounded  Fourier's  diffusion-analysis 
iu  a  form  directly  ap[)licable  to  cases  where  there  are  internal 

*  Communicated  by  the  Author.     Read  before  the  Edinburgh  Mathe- 
matical Society,  January  9th,  1891. 

t  Appendix  to  aiticle  "  TIeat,"  Encyc.  Brit.  9th  edition. 
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sources  of  heat;  but  he  omits  the  consideration  of  such  sources 
in  forming  the  differential  equations  of  the  motion. 

In  the  case  of  heating  by  an  electric  current  there  is  not 
only  the  thermal  problem  of  finding  the  temperature  at  any 
point,  but  also  the  further  electrical  ])roblem  of  determining 
the  effect  of  the  heating  in  changing  the  distribution  of 
electric  potential  by  the  alteration  which  it  produces  in  the 
conductivity.  I  am  not  aware  that  any  solution  of  a  problem 
of  this  latter  class  has  hitherto  been  given. 

In  the  following  paper  I  have  sought  to  discuss  these 
problems  more  or  less  fully.  The  steady  state  which  in 
general  ultimately  supervenes  is  considered  in  greater  detail, 
not  only  because  the  mathematical  treatment  is  much  simpler, 
but  also  because  it  is  of  greater  importance  than  the  inter- 
mediate varying  state  ;  and  for  like  reasons  attention  is  chiefly 
given  to  the  case  of  homogeneous  isotropic  conductors,  but  I 
have  shown  that  many  of  the  general  results  for  these  may  be 
at  once  extended  to  heterogeneous  wolotropic  conductors. 

It  will  be  seen  that  the  more  general  of  the  results  at  which 
I  have  arrived  depend  on  and,  in  fact,  are  an  almost  immediate 
outcome  of  a  remarkable  transformation  of  wliich  the  thermal 
equation  is  susceptible  even  in  its  most  general  case,  and  by 
which  the  problem  of  electrical  heating  is  immediately  reduced 
to  the  ordinary  case  where  there  is  no  such  heating. 

It  has  been  my  object  to  develop  the  general  theory  rather 
than  to  seek  results  specially  suitable  to  practical  applications  ; 
but  it  will  be  seen  that  many  of  the  results  suggest  electrical 
methods  of  experimentally  examining  the  thermal  character- 
istics of  substances,  and  that  the  maximum  theorems  may  be 
a  useful  guide  where  it  is  desired  to  produce  high  temperatures 
by  electric  means. 

1.  Formation  of  the  General  E<juaf  ions  for  the  case  of 
Heterogeneous  Isotrojnc  Conductors. 

Let  V  denote  the  electric  potential  and  c  the  conductivity 
at  time  t  at  a  point  .r,  y,  z  in  a  heterogeneous  isotropic  con- 
ductor, then,  there  being  no  internal  electrification,  and  for 
brevity  using  the  notation 

„^      d      d        d      d       d     d 

''     d.v    dd'      d>/    di/      d:    dz 

V  must  satisfy  the  equation 

V',V  =  0 (A) 

Let  5  ileuotc  the  temperature,  k  the  thermal  couductivity, 
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and  s  the  thermal  capacity  per  unit  volume  at  x,  y,z-,t  \  then 
the  rate  at  which  heat  accumulates  per  unit  volume  per  unit 
time  is  ^,^  . 

and,  hy  the  law  of  Joule,  the  rate  at  which  heat  is  generated 
by  the  current  per  unit  volume  per  unit  time  is 

^""xj?^  df  '^  i?r 

where  j  is  the  factor  which  reduces  work  expressed  in  the 
electrical  units  to  its  equivalent  in  the  thermal  units  adopted  ; 
hence,  finally,  the  equation  to  be  satisfied  l)y  •&  will  be 

^    a       ..^      •   fdy      dY^      dVn 

The  equations  (A)  and  (B) — which  it  will  be  noted  must  be 
solved  simultaneously  in  the  general  case,  c  being  a  function 
of  b, — in  conjunction  with  the  initial  and  boundary  conditions, 
fully  determine  V  and  ^.  As  the  initial  and  boundary  con- 
ditions which  may  be  imposed  are  almost  entirely  arbitrary, 
they  need  not  be  specially  formulated  here  ;  but  it  is  to  be 
noted  that  if  ultimately  they  do  not  vary  with  the  time,  the 
thermal  and  electrical  distributions  will  tend  to  stationary 
values,  and  ultimately  the  equation  (B)  to  be  satisfied  by  ■& 
may  be  replaced  by 

jdY''      dY'      dY'n      ^ 

When  the  conductor  is  homogeneous,  and  c,  s,  and  k  are 
taken,  as  within  certain  limits  they  may  be  without  material 
error,  independent  of  •&,  the  equations  (A)  and  (B)  reduce  to 

V'V  =  0 (D) 

and 


,_.,<.      .    idY'      dY-'      dY'  \ 


It  is  this  case  which  will  be  discussed  in  the  next  four 
sections. 

2.    The  Ultimate  Steady  Distribution :  Invention  of 
Solvable  Cases. 

As  the  direct  problem  of  finding  the  solution  lor  a  body  of 
given  forms  involves  great  difficulties,  indirect  methods  giving 
us  forms  for  which  solutions  may  Ije  directly  obtained  are  of 

PhU.  Mag.  S.  5.  Vol.  31.  No.  190.  Mar.  1891.  U 
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considerable  importance.  Saint- Venant  obtained  many  In- 
teresting and  practically  important  solutions  of  problems  on 
the  torsion  of  elastic  jirisms  in  this  way,  and  his  results  have 
been  adapted  by  Thomson  and  Tait  and  others  to  problems  in 
fluid  motion  in  two  dimensions.  In  what  immediately  follows 
I  have  applied  this  method  to  an  interesting  set  of  heating- 
problems,  and  have  shown  how  the  method  can  be  considerably 
extended. 

a.  To  find  the  steady  distril)ution  of  temperature  in  a  long 
cylindric  bar  carrying  a  current  of  strength  q  per  unit  area, 
its  surface  being  maintained  at  a  constant  temperature,  taken 
for  convenience  as  the  zero. 

It  is  evidently  only  necessary  to  consider  equation  (E), 
which  in  this  case  reduces  to 

daP      dxf       ck  ' 

and  therefore  we  may  take 

where  a  is  any  solution  of 

d^a      d'<T 
dx^       dy^ 

and   (a  +  />)  =jq^lck  ;  and  thus  we  shall  have  the  solution  for 
a  bar  whose  surface  is  given  by  the  equation 
2o-  =  a^  +  %^ 

One  or  two  examples  only  need  be  given  : — 
(i)  Let  the  cross  section  be  an  ellipse,  equation 


„2  +  :o  =  0, 


Then  clearlv 


2ckQ?  +  bU        d'     b'P 


and  we  see  that  the  isothermal  surfaces  are  similar  concentric 
elliptic  cylinders. 

In  the  case  of  circular  cross  section  this  reduces  to 

Again,  when  b  is  infinite,  it  reduces  to  the  case  of  a  flat 
])late  of  thickness  2a,  and 

^=Jr\a--xni->cL 

(ii)   Let  the  cross  section  be  an  equilatiMul  triangle,  and  let 
a  be  the  radius  of  the  inscribed  (.ircle  and  a,  fS,  y  the  per])en- 
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diculars  from  Ji  point  on  the  three  sides,  then  the  solution  may 
be  written  in  the  form 

^  =  j<fc(.^yl'dcka. 

It  is  interesting  to  extend  two  of  these  results — that  for  the 
bar  or  wire  of  circular  cross  section  and  that  for  the  plate  or 
approximately  for  any  long  flat  strip — to  suit  the  case  where 
the  surfaces  having  an  emissivity  e  are  exposed  in  air  at  tem- 
perature zero,  instead  of  being  maintained  at  that  temperature. 
It  is  only  necessary  to  raise  the  temperature  by  such  an  amount 
that  the  loss  by  emission  will  be  equal  to  the  rate  of  generation 
of  heat  by  the  current ;  and  therefore  for  the  circular  wire 
the  solution  will  be 

^  =  ;•</  {  «2  _  ,^2  -/  +  ^akje  }  /4cX;, 
and  for  the  fiat  strip, 

^  =  jq^  {  a''  -  X-  +  2akle  }  /2cL 

In  both  these  cases  the  ratio  of  the  maximum  temperature  to 
the  surface-temperature  is  l+ae/2k. 

yS.  To  find  the  steady  distribution  of  temperature  in  an 
annular  conductor  in  which  a  current  circulates,  the  surface 
being  maintained  at  temperature  zero. 

Taking  semipolar  coordinates  tn-,  (f>,  z^  the  equation  (D) 
reduces  to  ^,^^^^,  ^  ^^ 

and  therefore,  if  '/  denote  the  current  per  unit  area  at  unit 
distance  from  the  axis  (that  of  z),  (E)  reduces  to 

d^^       1  d^       d^^       j,f 
cl'cy       -us  clvT       az        ckTJr' 

and  therefore  we  may  take 

where  a  is  any  solution  of 

d?(T        1  da       ct'a 
a-ar"'       -a  dtn       dz' 

and  this  will  be  the  solution  for  the  ring  formed  by  the 
revolution  of  the  curve 

(T  -j,j^\\ogv7\'^l±ck 
about  the  axis  of  z. 
For  an  example,  take 

U2 
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then  ^=0  when  tsr  is  equal  to  a  or  />,  and  this  is  therefore  the 
solution  for  a  long  tube  or  solenoid  with  current  flovi-ing 
round  it. 

The  extension  of  Saint-Venant's  method  to  this  class  of 
examples  seems  of  some  value,  owinfj  to  the  large  part  played 
by  ring-shaped  conductors  in  practical  applications  of  elec- 
tricity. 

3.  Transformation  of  the  Equations  and  General  Method  of 
Solution  for  the  case  of  Homogeneous  Conductors  with 
Unvarying  Conductivities  ^c. 

For  brevity,  put 

U  =  ycY''  +  k^, 

then  since  identically 

and  V''^V  =  0  by  (D),  (E)  may  be  reduced  to 

4y=^^'u>  • (^) 

and  the  general  problem  is  thus  reduced  to  the  solution  of 
(D)  and  (F)  subject  to  the  boundary  conditions.  These  equa- 
tions are  of  the  same  form  as  those  for  the  steady  and  varying 
motion  of  heat  in  the  ordinary  case  of  no  internal  heating  which 
have  been  very  fully  discussed  ;  it  follows,  therefore,  that  the 
more  general  problem  of  electrical  heating  is  thus  reduced  to 
the  same  state  of  completeness  as  the  more  particular  one. 
Thus,  for  example,  if  we  can  write  down  for  a  conductor  of 
s])ecified  form  an  expression  for  the  temperature  at  any  point 
and  time  when  every  point  of  the  surface  is  maintained  at  an 
arbitrary  temperature,  then  we  can  also  write  it  down  when 
ev<'rv  ])oint  of  the  surface  is  maintained  at  an  arbitrary  tem- 
perature and  potential  :  and  if  there  were  no  flux  of  heat  over 
a  sj)ecified  portion  of  the  surface,  this  would  afford  the  solution 
for  the  case  of  no  flux  of  heat  or  electricity  over  the  same 
portion  in  the  more  general  case. 

General  solutions  may  thus  be  obtained  for  the  cuboid 
(Fourier),  the  sphere  (Poisson),  the  circular  cylinder  (Ma- 
thieu),  and  in  the  case  of  steady  motion  for  the  ellipsoid 
(Lame),  various  surfaces  of  revolution  and  cylindric  surfaces. 
We  may  take  for  example,  as  the  results  can  be  written  in 
very  brief  form,  the 

General  Case  of  Steady  Distribution  in  a  Sphere. 
Taking  ]iolar  coordinates,  r,  ti,  <f>,  let   every   })oint  of  the 
surface  of  the  s[)here   r=a  be   maintained  at  the   arbitrary 
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potential  f^{6  .  <j>)  and  temperature  /^(d  .  (f>),  then,  as  Poisson 
has  shown, 

J^  f(a^-r^)/i(r.(|)O^S 
^  ~  47ra  J  R» 

where  the  integration  extends  over  the  surface  of  the  sphere, 
and 

R2  _  r^  —  2ar{co»  6  cos  6'  +  sin  6  sin  6'  cos  (c^  -  <^')}  +  ciK 

Therefore,  further,  as  the  surface-value  of  U  will  be  \jcfi  +  /^/2, 
we  shall  have 

^-Anra)  R^  ' 

and  finally 

k^  =  u-iycv^ 

where  U  and  V  have  the  values  just  written. 

When,  however,  there  is  radiation  from  any  part  of  the 
bounding  surface,  the  ordinaiy  results  cannot  be  so  directly 
generalized  ;  for  the  boundary  equation  in  U  is  not  then  of 
quite  the  same  form  as  that  in  3,  being,  when  there  is  no  flux 
of  electricity  across  the  surface, 

where  e  is  the  emissivity,  and   v  the  normal  reckoned  out- 
wards. 

The  equation  (E)  may  of  course  be  reduced  to  the  form  of 
(F)  by  other  methods  or  be  discussed  without  such  reduction, 
but  the  transformation  chosen  has  the  recommendation  of 
being  furnished  by  the  electrical  conditions  and  is  specially 
related,  as  we  shall  see  immediately,  to  an  important  class  of 
cases  of  the  steady  state. 

4.   llie  Steady  State :  a  Special  Solution. 

For  the  case  of  the  ultimate  steady  distribution,  (F)  re- 
duces  to  ^,^,  ^  ^^ 

and  since  (D)  is  an  equation  of  the  same  form,  it  follows  that 
a  solution  is  given  by    -ry  _    .    ,  tjv  . 

hence,   determining  the    constants    suitably,    we    obtain    the 
following  theorem  : — 

If  any  two  parts  of  the  surface  of  a  conductor,  through- 
out which  the  conductivities  k  and  c  are  constant,  are  nuiin- 
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tained  at  potentials  V,  and  Vj  and  at  temperatures  ^i  and  ^2 
respectively,  and  the  remainder  of  the  boundary  is  such  that 
no  flux  of  heat  or  electricity  takes  place  across  it,  then,  when 
the  steady  state  supervenes,  the  equipotential  surfaces  will  be 
isothermal  and  the  temperature  at  any  point  will  be  given  in 
terms  of  the  initial  (which  is  also  the  final)  potential  at -that 
point  by  the  formula 

^'d  =  i/c(V2-V)(V-Vi)+/:{MV-V0  +  MV2-V)}/(V2-V0.(l) 

Thus,  if  the  problem  of  the  electrical  distribution  can  be 
solved,  the  temperatures  may  be  immediately  obtained.  From 
this  theorem,  as  remarkable  in  generality  as  in  simplicity,  an 
extraordinary  consequence  results ;  for  (1)  may  be  written 

2k  V 
which  shows  that  •&  has  the  maximum  value 

over  the  surface  for  which  V  has  the  value 

-       '2      -^jcY.-Y, ^-'^ 

Thus  the  maximum  temperature  attained  is  entirely  inde- 
pendent of  the  form  or  size  of  the  body  or  its  electrodes, 
de))ending  only  on  the  applied  electromotive  force  (V2— V,), 
the  temperatures  ^.^  and  •&!  at  which  the  electrodes  are  main- 
tained, and  the  physical  character  of  the  body  as  dctinetl  by  A" 
and  c. 

It  must  be  noted,  however,  that  as  Y'  must  lie  between  Vg 
and  Vi  in  value,  we  have  the  condition  that  2/ (do  -  ^i)  must 
lie  between  the  limits  ±jc(Yo—Yi)'  for  a  true  maximum  : 
when  this  condition  is  not  satisfied,  •So  and  ■&!  will  be  the 
highf^st  and  lowest  temperaliu'os  in  the  body. 

AVhen  ■&o  =  -&j  the  condition  for  a  maximum  is  always 
satisfied,  and  this  case  is  ])erhaps  more  instructive  than  the 
more  general  one  in  which  the  natural  gradient  of  temperature 
between  ^2  ^'^d  dj  is  superposed  on  that  due  to  the  electrical 
heating.  Let  then  d^  =  di,  and  for  simplicity  take  this  as  the 
zero  from  which  the  temperatui-e  is  reckoned,  then  (1) 
reduces  to  3  =  y<.{V,-V)(V-V,)M; 
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and  therefore  the  surface  of  maximum  temperature  is  the 
equipotential  V'=4(V,  +  V,), 

and  the  maximum  temperature  is 

^'  =  Jc(Y,-Y,y/S/c, 


or 


jcEySk, 


where  E  is  the  applied  electromotive  force. 

From  the  examples  considered  in  the  following  section 
a  fair  estimate  of  the  time  taken  in  establishino-  the  steady 
state  in  this  general  case  may  be  derived,  and  also  of  the 
disturbing  effect  produced  by  emission  of  heat  from  the 
bounding  surface,  which  may  be  useful  when  it  is  difficult  to 
obt'iin  complete  solutions  by  the  methods  of  Section  3. 


5.  Examples  of  the  Varying  Stale. 

When,  as  in  the  preceding  section,  the  solution  for  the 
steady  state  can  be  found  in  the  form 

A.&  =  A  +  BV-ijcV2, 

it  will  be  convenient,  in  applying  the  method  of  Section  3 
to  find  the  solution  for  the  intermediate  varying  state,  to 
assume 

U  =  y!;^ +  iicV2- (A  +  BY), 

so  that  the  final  state  will  be  given  by  U  =  0.  U  will  still  be 
determined  by  (F),  and  the  initial  condition  will  be 

U  =  iicV*-^-(A  +  BV), 

if  initially  •&  =  0  throughout. 

As  an  example,  take  the  case  of  a  cylindric  bar  of  length 
2/,  initially  at  tem})erature  zero  throughout,  having  its  ends 
maintained  at  potentials  +  Vq,  and  at  temperature  zero,  and 
its  surface  being  impenetrable  to  heat. 

The  solution  for  the  steady  state  is  by  last  section, 

k^=Ljc[Y,'-N')=\jcV,\\-z'^IP), 

the  origin  being  taken  at  the  middle  of  the  bar.  Now,  noting 
that  the  ends  are  to  be  maintained  at  temperature  zero,  and 
expanding  suitably  by  Fourier's  Theorem,  we  get 

i-vs/i      ^'^     1  •  V2'^2»     (-)«  (2/1+ l)7rc 
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which  is  the  initial  value  of  U.     Hence,  finding  the  general 
value  of  V,  we  have  finally  for  •&, 

k^  =  lJc(Yo'-V')-\J 

32  (_)n  _V2n±iy^kt  (2n+l)7TC 

^      '        '        -  il-Js        COS- 


=iw(i-;;)-i>-Vo^p2(^ 


•21 


This  series  is  very  convenient,  owing  to  its  rapid  conver- 
gence, so  rapid  that  for  many  purposes  it  might  be  sufficient 
to  take 

which  is  correct  initially  and  finally,  and  always  fairly  approxi- 
mate. 

It  is  interesting  to  examine  the  effect  of  surface-emissivity 
on  this  solution.  From  Section  2  it  is  clear  that  unless  the 
bar  is  very  thick,  the  temperature  may  be  taken  as  approxi- 
mately constant  throughout  any  cross  section  ;  making,  then, 
this  assumption,  the  thermal  equation  will  be 

where  h  is  the  ratio  of  the  perimeter  to  the  area  of  the  cross 
section,  and  e  the  emissivity.  Hence  for  the  steady  state  we 
have 

ycVo^  r       cosh^v^W^)  ■) 
Phe  \        coAil^{helk))' 

Proceeding  almost  exactly  as  in  the  previous  case,  we   find, 

fi  rst, 

coshzx/jhe/k)  _^Iie       {-V        cos  (2«  + l)7rc/2/ 
cosh  /  s/  {hejk)  ~  TT  yt^  2/i  +  1  •  (2«  +  l^-n^l^P  +  heTk' 

then  generalize  for  U,  and  obtain  finally 

^  ^  r'^l  \  1  _  <'osh  z  s/  {Ju'/k)  ■) 
Phe  \  co^hWhejk   ) 

_  jcVp^  4       (  — )"        cos  {2n  +  l)'rrz/2l      -^(2»+i)»w2*/4/2+**}^/» 
~Pk    ^ ^  2n  +  l '  {2n  +  Ifir^/U'  +  he/k  ^ 

We  see  that  the  etfect  of  the  emissivity  is  negh'gilile  when 
W-lieJir'^k  is  negligible  compared  with  unity.  We  may  take, 
adopting  the  usual  C.G.S.  units,  ^'=1/4000  for  polished  sur- 
faces, k=l  for  copper,  and  1/0  for  iron  :  hence,  for  a  bar  of 
circular  section,  radius  a  and  length  L  cms., 

iPhe/iT^k  =  -000,05  LVa  for  eopi-er.  and  'OOOSU/a  for  iron. 
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6.   General  Case  of  a  Homogeneous  Isotropic  Conductor. 
Since  identically 

„„,_,     ^^     ,^_        ld\''      dY^      dy"-) 

(B)  reduces  by  means  of  (A)  to 

Now  the  conductor  being  initially  bomogeneous,  s,  c,  and 
k  are  functions  of  -&  only,  tberefore  we  may  put 

k  =  ,f(^)  =  c%, (1) 

and  tbus  (B)  finally  reduces  to 

|.^=v.M./(^:)-hiiv^} (G) 

In  tbe  general  case  of  varying  movement  tbe  simultaneous 
equations  (A)  and  (G)  are  utterly  intractable  except  by 
methods  of  successive  approximation,  say,  beginning  with  tbe 
assumption  of  s,  c,  and  h,  inde})endent  of  •&.  Passing,  then, 
at  once  to  the  consideration  of  the  steady  state,  we  have, 
instead  of  (G), 

V,'{f{^)  +  kjY-\=^ (H) 

The  general  treatment  of  (A)  and  (H)  is  still  extremelv 
difficult,  but  these  equations  being  of  the  same  form,  we  can 
extend  the  method  of  Section  4  to  give  results  similar  to  and 
equally  general  with  those  of  that  section,  and,  further,  to 
obtain  the  final  in  terms  of  the  initial  distribution  of  potential. 
In  fact 

/(3)+4yV2  =  A  +  BV 

is  an  obvious  solution,  and  therefore  suitably  determining  A 
and  B  we  find  that : — 

a.  If  any  two  jxirts  of  the  surface  of  an  initially  homogeneous 
conductor  for  which  k  =  cf{^)  are  maintained  at  ])otentials  V, 
and  V2,  and  at  temjx'ratures  -J^i  and  -Sg  resj)ectively,  and  the 
remainder  of  the  boundary  is  such  that  there  is  no  flux  of  heat 
or  electricity  across  it,  then,  when  the  steady  state  supervenes, 
the  equipotential  surfaces  will  be  isothermal,  and  the  tempera- 
ture at  any  point  will  be  given  in  terms  of  the  ])otential  at 
that  ])oint  by  the  formula 

/(^)  =i.;-(V2- V)(V- V,)  +  {/(^.)(y-vo 

+/(^i)(V2-V)}/(V2-V0.   .     (2) 
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From  this,  as  in  Section  4,  we  may  deduce  that : 
^.  The    temperature    will    liave    a     maximum     value     3*, 
given  by 


(a) 


J^^^-         ^2  "^h  ^^2^>^  +2;-l' V2-V1     / 

over  the  surface  for  which  the  potential  has  the  value 

^  -       2       +>      V,-V,  '•     •     •     •     ^  ^ 

It  should  be  noted  that  since  k  and  c  are  essentially  positive 
and  finite,  /(■&)  must  increase  with  ■&  continually  and  without 
limit. 

In  the  important  case  where  •&i  =  '&2  it  is  convenient  to  take 
the  arbitrary  constant  in/(&)  such  that 

and  then  the  equations  (2),  (3),  \4l)  become  respectively 

/W  =  iy(V.-V)(V-VO    ....     (2') 

r/(^o=iy(v,-vo^ (3') 

I     V'  =  i(V2+V:) (4') 

There  is,  however,  a  further  problem  to  be  solved  ;  the  ulti- 
mate relation  between  V  and  d  has  been  obtained,  but  as  the 
distribution  of  V  is  affected  by  the  heatinii",  there  remains  to 
be  determined  the  final  in  terms  of  the  initial  distribution. 
The  means  of  doing  this  isaftbrded  by  the  foregoing  results: — 

Making  use  of  (3)  and  (4),  (2)  may  be  written 

/(^)-/(^0-ii(v-vO-^ •    (5; 

.-.     V=V'±^(2,7)v/|/(^')-/(^)}. 

where  the  upper  sign  is  to  be  taken  in  the  space  between  the 
electrode  at  potential  Vo  and  the  surface  of  maximum  tem- 
jx'ruture,  and  the  lower  sign  I'roin  the  latter  surface  to  the 
other  electrode. 

By  means  of  (G),  (A)  reduces  to 

Now  if  Vo  denote  the  potential  at  any  jioint  of  the  sanu>  con- 
iluctor  when  at  the  siime  temperature  tliroughout,  as  it  would 
be,  if   initially  so.    inuncdiatcly    ;iftcr   the   application   of    the 
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electromotive  force  Vg—Vj  before  it  had  time  to  be  heated  by 
the  current,  ^,^_^^^ 

for  c  and  k  are  constant  since  the  temperature  is  uniform. 
Thus  F(^)  =  A  +  BVo,  where  A  and  B  have  to  be  determined 
to  suit  the  boundary  conditions.  Now  F(d)  is  by  (6)  a  known 
function  of  •&,  since  k  and  /(^)  are  known  functions  of  •&,  except 
as  regards  an  arbitrary  constant.  It  is  here  convenient  to 
take  this  such  that  F(y)  =  0,  and  to  denote  by  —X  and  /a 
respectively  the  values  of  F(^)  at  the  two  electrodes,  which 
are  maintained  finally  at  the  temperatures  •&!  and  ^^.  Hence, 
determinino-  A  and  B,  we  have  finally 

(V2-Yi)F(^)=(X  +  /.jV,-(\V2+/.V0.  .  (7) 
Thus  the  final  temperature  -^^j  and  therefore  also  by  (2)  the 
final  potential,  is  determined  in  terms  of  the  initial  potential 
in  the  same  conductor  uniforml}  heated,  which  may  be  found 
by  the  ordinary  methods. 

In  the  case  •&2  =  -^i>  w'hich  is  really  the  fundamental  one, 
and  from  which  the  more  general  case  coidd  have  been 
derived,  we  see  by  (6)  that  X,  will  be  equal  tu  /a,  and  tlierefore 
(7)  will  become 

(V2-VOF(3;  =  2X{Vo-i(Y,  +  V,)}.    .    .    (7') 

Thuj^,  comparing  (7')  and  (4'),  we  see  that  the  surface  of 
maximum  temperature  has  initially  and  finally  the  same 
potential,  the  mean  of  that  of  the  electrodes,  and  being,  there- 
fore, inde})endent  of  k  and  c,  its  form  and  position  will  be  the 
same  for  all  homogeneous  isotropic  conductors  which  have 
the  same  form  of  boundary  and  electrodes. 

In  the  general  case,  we  see  that  surfaces  which  are  ei|ui- 
potential  initially  are  also  so  finally,  but  the  values  of  their 
potentials  are  in  general  different.  It  is  not,  however,  to  be 
supposed  that  equipotentials  remain  so  during  the  intermediate 
state  ;  in  fact,  it  is  easy  to  show  that  they  do  not,  except  in 
the  particular  cases  where  they  are  a  set  of  planes,  spheres,  or 
circular  cylinders.  It  is  also  obvious  that  the  initial  and  final 
coincidence  of  equipotentials  would  in  general  be  destroved 
by  any  emission  from  the  bounding  surface,  the  equipotentials 
then  also  ceasing  to  lie  isothermal. 

7.  Special  Results  for  Cylindric  Surfaces. 

The  methods  of  Sections  4  to  6  may  be  slightly  modified  to 
give  in  the  case  of  cylindric  surfaces  a  new  set  of  theorems 
analogous  to  those  of  these  .sections,  but  in  which  current  takes 
the  place  of  ])otent:al,  and  resist^mce  of  conductivitv. 
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Lot  Q  be  the  current-function,  and  p=l/c  the  resistivity, 
then 

^\  d:t?  ^  dy^  ]  """I  dx'   ■*■  df   \ 

Thus  the  properties  of  Q  and  p  arc  like  those  of  V  and  c. 
Put  then 

where  -5'  is  the  maximum  value  of  ■&  (see  below),  substitute 
in  the  investigation  of  Section  6,/y  for/,  F„  for  F,  Q  for  V, 
and  p  for  c,  adapt  the  language  similarly,  and  the  following 
theorems  are  immediately  ol)tained. 

Call  the  lamina  enclosed  between  two  cylindric  surfaces  a 
cylindric  sheet  when  unlimited,  and  a  cylindric  strip  when  it 
is  limited  by  two  planes  (its  sides)  cutting  it  orthogonally. 
If  the  cylindric  sheets  are  given  by  the  values  Q2  and  Qj  of 
the  current  function,  then  the  whole  current  per  unit  breadth 
between  them,  Q2  — Qi,  iH«^y  be  denoted  by  (",  and  the  parts 
flowing  on  each  side  of  a  point  on  the  sheet  Q,  viz.,  Qo  — Q 
and  Q  — Qi  by  Cg  and  Cj  respectively. 

a.  If  the  surfaces  of  a  cylindric  sheet,  or  strij)  with  im- 
permeable sides,  of  a  homogeneous  conductor  for  which 
k-=pfj{^\  are  maintained  at  temjierature  zero,  and  a  current 
C  ])er  unit  breadth  is  maintained  through  it,  then  ultimately 
the  current-sheets  will  be  isothermal,  and  the  temperature  at 
any  jjoint  will  be  given  in  terms  of  the  parts  Cx  and  C2  of  the 
whole  current  C  which  flow  on  each  side  of  the  point,  by  the 
formula 

/o(^)=i>CA, (1) 

and  the  temperature  will  have  a  nuiximum  value  -9'  given  by 
f^^(^'')=j(J'/<y  over  the  surface  which  equally  divides  the  cur- 
rent (the  same  initially  aud  finally). 

Finally,  if  Qo  be  the  initial  value  of  {)  at  any  jioint,  and  2\ 
is  the  ditterence  in  the  value  of  F,,(-&)  at  the  two  boundaries, 
then 

(Q2-Qi)Fo(^)  =  ^MQo-MQi  +  Qo)}.    .    .    (2) 

Thus  the  final  temperature,  and  therefore  also  by  (1)  the  final 
current  distribution,  is  given  in  terms  of  the  initial  current- 
distribution  which  may  be  investigated  by  the  ordinary 
methods. 

For  simplicity,  the  case  of  zero-bounding  temperatures  has 
been  taken  above,  but  the  iieneral  results  i)f  Section  6  mav  be 
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transformed  equally  directly.  The  case  of  constant  conduc- 
tivities is,  of  course,  obtained  directly  from  the  above  by  [)utting 
f(){^)  —k^/p;  and  it  should  be  noted  that,  owing  to  the  con- 
jugate properties  of  the  current  and  potential  functions,  the 
general  method  of  Section  3  gives  easily,  on  Fourier  principles, 
the  solution  for  the  case  of  arbitrary  (two-dimensional)  sur- 
face-temperatures, for  any  strip  for  which  these  functions  are 
known.  As  an  example,  take  a  strip  for  which  V  and  Q  are 
the  potential  and  current  functions,  its  boundaries  being  given 
by  +Qo  and  +Vo,  these  being  maintained  at  zero  tempera- 
ture, and  the  remaining  plane  sides  being  impermeable.  Pro- 
ceeding as  in  Section  3,  with  the  moditication  suggested  in 
Section  5,  we  take 

JJ^k^-LJciVo'-T'},  and  .-.  V'U  =  U. 

Expanding  next  by  Fourier's  theorem,  having  the  boundary- 
conditions  in  view,  we  get 

Hence  we  obtain  U,  and  therefore  finally 

cosh  (2n-f  l)7rpQ/2Vo         ,^        ,  x    tt   .^t 

8.    General  Case  of  Heterogeneous  j^Eolotropic  Conductor. 
The  equation  satisfied  by  V  is,  in  its  most  general  form, 

d  c    dY         dY        dY-)       d  C     dY        dY         dY  ) 
dTrV'cLv  ^^''7hj  ^"I'Tz  ]  +  dy  V'dJ  +^^^  +^V/.  ] 

d  (     dY        dY        dY  )      ,, 
^dzV'-d-^+'J^dy^'''T.i='^- 

^ay,     Vf..,.„V=() (A') 

but  proba])ly  the/>'s  are  identical  with  the  ^^'s''^. 
The  equation  satisfied  by  •&  is 

d    ,        ,         ,      .f    dY'         dY'         dY'      ,  ,dY  dY 

^dYdY     ,  rlYdY) 

+  ^P'-^'^'hld.^+^^''^'^'^d^  dy\^ 
*  Maxwell's  *  Electricity  and  Magnetism,'  Part  ii.  chap.  viii. 
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and  by  means  of"  the  preceding  this  reduces  to 

Hence,  it'  we  assume,  as  experiment  to  some  extent  at  least 
entitles  us,  that 

{k.r  .s){l  .^  .'6)^{c  .p  .q)(\  .'2  /d)f(^) 

respectively,  this  further  reduces  to 

^,'^-^  =  Vf..,.,,{/(^)  +  i/Vn.     .     .     .     (G') 

In  the  case  where  /'(•&)  is   u  constant,  m  say,  and  s  is  also 
independent  of -5,  we  have,  putting  U=y(-&)  +  ^jV^, 

s'^  =m\/J        ,U,       ....      (FO 

dt  ''{c.p.q)       •>  V         ^ 

which  has  the  same  form  as  the  ordinary  equation  for  the 
movement  of  heat  in  a  heterogeneous  conductor  when  there 
is  no  internal  heating,  and  hence,  as  in  Section  3,  we  see  how 
results  for  this  case  may  be  generalized  to  include  electric 
heating. 

In   any   case,   however,  we  see,  comparing  (A')  and  (G'), 
that  a  solution  for  the  steady  state  is  given  by 

/(^)+UV^  =  A  +  BV, 

and  thus  the  theorems  (a)  and  (/S)  of  Section  6  are  innnedi- 
atelv  extended  to  heteroffeneous  conductors. 

If  we  now  assume,  further,  more  or  less  on  the  warrant  of 
experiment,  that 

{c  .p  .  ^)(1  .  2  .  3)  =  {co  .po  .  7o)(l  .  2  . 3)«^(3) 

respectively,  where  the  zero  subscripts  refer  to  the  values  at 
th(!  temperature  zero,  and  put 

F'(.^)  =  +  4>i^)/'i^)U{2JjW  -  2i/(d) }, 

where  -3'  is  the  maximum  temperature,  and  the  signs  are  to  be 
taken  as  in  (G),  Section  6,  we  get 

Again,  if  Vq  denote  the   potential  with   the  same  surface- 
conditions,  but  ^  =  0  throughout  the  conductor. 

Therefore  F(^)=A  +  BVo,  or  detinitely,  as  in  Section  6  (7'). 
(V,-VOF(d)  =  2\{Vo-HVi  +  Vo)}, 
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which  completes  the  solution,  and  leads  to  results  similar  to 
those  of  the  latter  portion  of  Section  6,  e.  g.,  that  surfaces 
equipotential  initially  are  also  so  finally,  and  the  surface  of 
maxiuiura  temperature  has  the  same  potential,  the  mean  of 
the  electrodes,  initially  and  finally. 

Similarly  we  may  extend  the  corresponding  results  of 
Section  7. 

From  the  maximum  theorems  which  have  been  obtained,  a 
general  result  as  to  the  superior  limit  of  the  temperature  in 
any  part  of  a  conductor  is  easily  derived.  It  is  only  necessary 
to  notice  that  any  further  escape  of  heat  than  is  allowed  for  in 
these  theorems  cannot  raise  the  temperature  at  any  point,  but 
must,  on  the  contrary,  lower  it  more  or  less  ;  hence  : — 

If  in  any  conductor  heated  by  a  current  a  closed  surface, 
or  two  surfaces  which,  by  cutting  through  the  boundary, 
enclose  a  portion  of  the  body  between  them,  be  taken,  then  the 
highest  temperature  in  the  enclosed  portion  cannot  be  greater 
than  the  highest  temperature  on  the  closed  surface  or  on  the 
cross-sectional  surfaces — provided,  in  this  latter  case,  no  heat 
flows  into  the  enclosed  portion  through  the  remainder  of  the 
boundary — by  more  than,  though  it  may  be  as  much  as,  the 
value  3',  which  is  given  by  /(•&')  =jW;8,  where  E  is  the 
greatest  difference  of  potential  between  any  two  points  of  the 
closed  surface  or  pair  of  surfaces,  and /'(•&)  is  the  ratio  of  the 
thermal  and  electric  conductivities. 

By  "  any  conductor  "  is,  of  course,  to  be  understood,  in  the 
general  case  of  heterogeneity,  one  with  conductivities  subject 
to  the  limitations  introduced  in  this  Section. 

A  similar  result  in  the  case  of  two  dimensions  may  be  at 
once  derived  from  the  maximum  theorem  of  Section  7,  but  it 
is  unnecessary  to  state  it. 


XXX.    The  Influence  of  the   Bending  of  Magnetic  Needles  on 
the  apparent  Magnetic  Dip.   By  Arthur  Schuster,  jP.i^./S'.* 

IN    Maxwell's    Treatise    on    '  Electricity  and    Magnetism,' 
vol.  ii.  page  117,  the  following  passage  occurs: — 
"  Dr.  Joule  finds  that  the  needle  should  not  be  more  than 
five  inches  long.     When  it  is  eight  inches  long,  the  bending 
of  the  needle  tends  to  diminish  the  apparent  dip  by  a  fraction 
of  a  minute.^' 

I  have  not  been  able  to  find  in  any  of  Joule's  writings  a 
passage  on  which  the  above  statement  could  be  founded.  Sucli 
a  passage  may  have  escaped  me  ;  but  it  is  not  impossible  that 

•  Communicated  bv  the  Author. 
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Maxwell  had  some  private  information  from  Joule,  in  which 
unpublished  experiments  on  the  bending  of  magnetic  needles 
were  referred  to. 

At  any  rate  the  question  seems  w^orthy  of  consideration, 
because  for  a  number  of  years  the  Greenwich  Observatory  has 
))ublished  observations  made  with  needles  9,  6,  and  3  inches 
long,  which  show  a  systematic  ditference  in  the  observed  dip 
amounting  to  more  than  a  minute  of  arc  between  the  longest 
and  shortest  needles. 

It  is  clear  that  the  mere  displacement  of  the  ends  of  the 
needle  by  the  bending  is  eliminated  by  the  method  of  observa- 
tion which  is  uniformly  adopted,  but  in  addition  there  is 
the  effect  alluded  to  by  Maxwell,  which  is  not  so  easily  dis- 
posed of.  The  bending  of  the  needle  causes  a  displacement 
of  the  centre  of  gravity,  and  a  little  reflection  will  show  that 
this  displacement  must  cause  a  diminution  in  the  apparent 
dip.  Let  h  be  the  distance  of  the  centre  of  gravity  from  the 
axis  of  rotation,  cf)  the  di]),  and  8  the  small  angle  through 
which  the  needle  is  turned  by  the  displacement  of  the  centre  of 
gravity.  Equating  the  moments  of  the  forces  which  balance 
in  the  position  of  equilibrium,  we  find 

vi(/h  sin  (f)  =  T^l8 (1) 

M  represents  the  magnetic  moment  of  the  needle,  and  T  the 
earth's  magnetic  force.  In  order  to  form  an  estimate  of  the 
angle  8,  we  must  take  account  therefore  of  the  displacement  h 
;in(l  the  magnetic  moment  of  the  needle.  It  is  assumed  that  the 
needle  when  it  is  straight  has  its  centre  of  gravity  in  the  axis 
of  rotation.  Errors  due  to  non-fulfilment  of  that  condition 
are  eliminated  by  the  method  of  observation. 

The  needles  used  at  Greenwich  have  the  form  shown  in 
fig.  1.     It  would   not  repay   the    trouble   to    determine    the 

Fijr.  1. 


bending  for  such  a  shape.  It  will  be  sufficient  to  carrv  out 
the  calculations  for  the  shapes  indicated  by  the  dotted  lines  ; 
that  is  to  say,  to  imagine  needles  having  cross  sections  which 
are  either  uniform  or  diminish  uniformly. 

The  effect  of  pointed  needles  will  be  found  to  be  smaller 
than  that  of  rectangular  magnets  ;  and  we  shall  be  justified 
in  assuming  that  needles  having  the  actual  shape  in  use  will 
give  an  intermediate  result. 

The  amount  of  i)en(lin;r  of  rectangular  bars  is  well  known, 
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and  we  may  confine  ourselves  to  the  case  of  the  pointed 
needles,  for  which  the  calculation  is  very  simple. 

We  take  a  pointed  needle  of  unit  thickness  and  half  length 
/,  and  find  in  the  first  place  the  equation  of  its  axis  when  it 
is  in  a  horizontal  position  and  subject  to  its  own  gravity  alone. 
Let  the  axis  of  x  be  horizontal,  and  that  of  y  downwards. 
If  a  cross  section  of  the  needle  is  taken  at  a  point  P,  the 
bending-couple  at  the  section  is  that  of  the  weight  of  the 
pointed  end  multiplied  by  the  distance  of  the  centre  of  gravity 
of  the  end  from  the  cross  section,  or 

v{l-xl    [l-x) 

In  this  equation  v  represents  the  width  of  the  needle  at 
the  point  P. 

If  a  is  the  width  at  the  origin, 

vl:=a{l  —  x), 

and  the  bending-couple  becomes 

If  Y  is  Young's  modulus  of  elasticity,  the  resistance  to  the 

bending  will  be  Yy^.      Substituting  the  value  of  v  in  terms 

of  z,  the  differential  equation  for  the  axis  becomes 
df        2P 
d^^  =  ^-^P ^^) 

Hence  the  curvature  is  constant  and  the  needle  takes  up  a 
circular  shape.  The  integral  of  equation  (1),  taking  account 
of  the  conditions  holding  at  the  origin,  is : — 

a^Y 

The  distance  /*  between  the  centre  of  gravity  and  the  axis 
is  now  obtained  in  the  usual  manner. 

(\jvdx  I  \v^l-.c)dx 

/^^Jo ^  '%P     Jo  . 

Jvda;  I    {l  —  ,c)dx 

0  Jo 


y=:^^9P'^'^- 


from  which  it  follows  that 
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If  the  calculation  is  conducted  in  the  same  way  for  straight 
bars  of  uniform  cross  section  a,  the  result  is 


'4 

(4) 


Hence  for  pointed  needles  of  cross  section  a  the  displacement 
of  the  centre  of  gravity  is  smaller  in  the  ratio  of  18  to  5  as 
com[)ared  with  needles  having  an  uniform  cross  section  a 
throughout. 

To  apply  the  results  obtained  to  our  problem,  we  must 
multiply  the  value  of  //  by  cos  <^,  because  if  the  needle  is  not 
horizontal  the  gravitational  force  has  to  be  resolved  at  right 
angles  to  the  needle  in  order  to  obtain  that  component  which 
serves  to  bend  it. 

We  substitute  the  value  A  from  equation  (3j  into  (1)  and 
may  thus  calculate  the  correction  of  the  dip  due  to  bending 
by  the  formula 

where  V  is  the  volume  occupied  by  the  needle. 

If  the  dimensions  of  the  needle  are  known  all  quantities 
except  Young's  modulus  and  the  magnetic  moment  may  be 
introduced  into  the  equation.  As  regards  Young's  modulus, 
the  values  given  for  it  lie  between  2  1  x  10^-  and  2'5  x  10'^. 
I  take  the  latter  number,  as  it  is  my  object  to  show  that 
bending  is  sufficient  to  account  for  the  diminished  dip  of  the 
longer  needles,  and  I  wish  tlierefore  to  xinderrate  the  effect  of 
bending.  It  is  more  difficult  to  form  an  estimate  of  the 
magnetic  moment  per  unit  volume  or  M/V.  Kohlrausch,  in 
his  '  Physical  Measurements,'  states  that  with  thin  long 
needles  values  as  high  as  785  may  be  obtained,  but  that  such 
magnets  as  are  used  in  Physical  Laboratories  seldom  show  a 
greater  magnetic  moment  than  ol'l  C.G.S.  per  unit  volume. 
The  shape  of  dipping-needles  and  the  method  of  magnetiza- 
tion does  not  render  it  probable  that  these  needles  reach  the 
lower  number  given  by  Kohlrausch,  for  the  central  parts  of 
the  needle  will  add  more  to  the  weight  than  to  the  magnetic 
moment.  If,  therefore,  we  make  M/Y  =  320,  this  will  pro- 
bably be  above  the  correct  value. 

With  these  numbers  I  have  calculated  the  value  of  S,  taking 
the  wiilth  and  length  of  the  needles  used  at  Greenwich.  I 
have  to  acknowledge  the  kindness  of  the  Astronomer  Royal 
in  giving  me  detailed  information  on  the  dimensions  and 
shape  of  the  needles  used  at  the  Royal  Observatory.     The 
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followino-  Table  embodies  the  results  of  the  calculation. 
ColuniiLs  1.  and  11.  ^ive  the  length  and  width  of  the  needles 
in  inches.  Column  III.  gives  the  diminution  of  dip  due  to 
bending  of  needles,  having  a  greatest  width  equal  to  that  of 
the  Greenwich  needles,  but  tapering  uniformly  towards  the 
end,  as  shown  in  fig.  1.  Column  IV.  shows  what  the  diminu- 
tion in  dip  would  be  if  the  needles  had  everywhere  the  same 
width  a.  It  is  reasonable  to  suppose  that  needles  of  the  shape 
actually  used  would  give  values  for  B  intermediate  between 
those  of  columns  III.  and  IV.  Column  V.  gives  the  diiference 
in  dip  between  the  two  longer  needles  and  the  one  having  a 
length  of  only  three  inches,  the  bending  of  which  may  be  neg- 
lected. To  obtain  this  ditierence  I  have  taken  the  mean  dif) 
of  the  three  sets  of  needles  for  the  six  years  1882  to  1887, 
as  published  in  the  Annual  Ileports  of  the  Greenwich  Obser- 
vatory ;  its  value  is  entered  into  column  VI. 


I. 

11. 

III. 

IV. 

V. 

VI. 

21. 

a. 

S. 
(needles.) 

(bars.) 

s. 

(Greenwich.) 

Mean  Dip. 

3 

•33 

0 

6  2 



67  29  57 

6 

•39 

7 

0  24 

0  26 

67  29  23 

9 

•47 

23 

1  19 

1  (JO 

67  28  57 

Considering  that  we  have  throughout  underrated  the  efleet  of 
bending,  especially  by  assuming  a  value  for  the  magnetic 
moments  which  is  in  all  probability  too  high,  the  figures  leave 
no  doubt  that  the  diiference  in  the  dip  shown  by  needles  of 
different  lengths  can  be  accounted  for  by  their  bending.  The 
calculated  value  for  pointed  needles  is  about  three  times  too 
small ;  that  for  needles  of  uniform  cross  section  gives  results 
closely  agreeing  with  the  observed  differences  in  the  dip  ; 
while  the  actual  sha[)e  of  the  needles  agrees  more  closely  with 
that  of  uniform  bars  than  with  that  of  j)ointed  needles. 

The  results  of  calculation  quite  justify  Joule's  remark  as  to 
the  importance  of  using  short  needles  to  avoid  the  introduction 
of  appreciable  errors  ;  and  the  question  arises  whether  long 
needles  are  entirely  to  be  rejected,  as  is  done  in  most  Observa- 
tories, or  whether  a  correction  should  be  made  for  tlie 
diminution  of  the  dip.  The  difficulty  in  measuring  angles  to 
a  sufHcieut  accuraev  is  increased  if  the  needles  are  as  short 
as  the  shortest  Greenwich  needles,  and  heuce  there  is  some 

X2 
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advantage  in  retaining  the  longer  ones.  The  bending  might 
be  diminished  to  an  almost  inappreciable  amount  by  having 
the  needles  about  three  times  as  wide,  but  it  would  then 
become  more  difficult  to  magnetize  them  strongly.  If  the 
magnetic  moments  of  the  needles  were  measured  before  every 
observation,  the  error  due  to  bending  could  be  calculated  to  a 
sufficient  degree  of  accuracy,  as  Young^'s  modulus  will  not 
differ  much  in  different  specimens  of  steel  used  for  magnets. 
This  course  would,  however,  entail  a  good  deal  of  trouble, 
and  it  almost  seems  to  me  as  if  an  empirical  correction  would 
answer  the  purpose  almost  equally  well.  We  might,  for 
instance,  determine  the  correction  to  be  af)plied  in  any  par- 
ticular year  with  sufficient  accuracy  by  finding  the  mean 
ditterence  of  dip  shown  by  the  needles  in  a  certain  number, 
say  live,  of  preceding  years.  As  the  influence  of  bending 
for  the  three-inch  needles  is  negligible,  and  as  the  magnetic 
properties  of  the  needles,  which  are  always  magnetized  in  the 
same  way,  will  probably  not  alter  during  a  course  of  five 
years,  a  fairly  accurate  correction  may  be  deduced.  Thus,  for 
instance,  during  the  five  years  1882-86  the  mean  dip  of  the 
needles  in  the  order  of  their  length  was  67°  oO'  30"  ; 
67°  30'  00" ;  67°  29'  35".  We  deduce  a  correction  of  55" 
for  the  longest  needles,  and  one  of  30"  for  the  intermediate 
ones.  The  observed  dip  in  1887  was  67°  27'  13"  ;  67°  26'  20"; 
67°  25'  45";  and,  applying  the  correction,  we  find  for  the 
three  needles  the  now  closelv-agreeing  values  of  67°  27'  13", 
67°  26'  50",  67°  26'  40".  The  mean  of  these  three  values, 
viz.  67°  26"  54",  will  probably  be  as  near  the  truth  as  the 
errors  of  observation  will  allow. 

I  have  not  brought  this  matter  forward  in  any  spirit  of 
criticism  towards  the  Greenwich  observations.  The  fact  that 
the  small  effect  of  bending  shows  itself  persistently  from  year 
to  year  to  a  nearly  equal  degree,  is  in  itself  a  proof  of  the 
excellency  of  the  observations.  The  manner  in  which  the 
magnetic  I'ecords  are  reduced,  and  the  form  in  which  they  are 
published  by  the  Greenwich  authorities,  may  well  serve  as  a 
model  to  other  Observatories.  But  as  there  seems  no  doubt 
that  the  accuracy  which  is  aimed  at  in  the  dip-observation  is 
ap])reciably  aftected  by  the  cause  of  error  which  Joule  has 
])ointed  out,  it  seems  to  me  advisable  to  eliminate  thai  error. 
'The  exact  way  in  which  the  correction  is  carried  out  may  well 
be  left  to  the  proper  authorities. 
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XXXI.  The  Solution  of  a  Geometrical  Problem  in  Magnetism. 
By  T.  H.  Blakesley,  M.A.^ 

THE  points  in  the  field  of  a  magnet  usually  chosen  for 
quantitative  experiments,  such  as  the  determination  of 
H,  or  the  control  of  a  galvanometer-needle,  lie  either  in  the 
axis  of  the  magnet  produced,  or  the  equatorial  plane.  This 
arises  from  the  very  simple  expressions  for  the  field  in  terms 
of  the  moment  of  the  magnet,  and  its  distance  from  the  point 
considered,  in  these  two  cases.  But  in  either  of  these  cases 
the  exact  value  depends  not  merely  upon  these  facts,  but  also 
upon  the  distance  between  the  poles  ;  and  this  latter  can 
rarely,  if  ever,  be  taken  to  be  the  entire  length  of  the  mag-net. 
Either  some  such  rule  as  the  lopping-ofF,  in  imagination,  of  a 
fraction  of  the  length,  is  applied,  or  the  virtual  distance 
between  the  poles  is  expressed  as  an  unknown  quantity  to  be 
determined  by  additional  experiment. 

It  is  easy  also  to  calculate  the  direction  and  magnitude  of 
the  field  at  a  point  whose  position  relatively  to  the  two  poles 
is  given.  But  the  following  proposition  is,  at  first  sinht,  of 
a  more  difficult  order. 

"  Given  the  two  poles  of  a  magnet,  and  a  straight  line  inter- 
secting at  right  angles  its  axis  produced  at  a  given  point,  to 
determine  at  what  point  this  line  is  parallel  to  the  field.'' 

Tlie  solution  of  this  question  may  be  of  some  scientific 
interest  ;  because  if  we  know  the  point  experimentally,  we  can 
determine  the  length  between  the  virtual  poles.  But  the 
question  is  important  practi-  Fig.  1. 

cally  from  its  bearing  ujjon 
that  of  the  deviation  of  a 
ship's  compass  in  some  cases. 
Suppose  A  B  a  long  uni- 
formly maonetized  rod  havinii 
poles  at  A  and  B  (say  A  is 
a    north  pole),    and   OP  its 

equatorial  plane.     Then    the      . 

field  at  P  is  always  parallel     ^  COD 

to  A  B,  and  in  the  direction 
of  those  letters,  which  call 
the  positive  direction.  Sup- 
pose a  piece  C  D  cut  away 
so  as  to  leave  a  gap  having 
same  equator. 

At  C  a  south  pole  is  developed,  and  at  D  a  north  pole. 

*  Communicated  by  the  I'bysical  Society  :  read  November  28, 1890. 
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These  two  poles  produce  a  field  at  P  parallel  to  D  C,  and 
in  the  negative  direction. 

If  the  point  is  in  the  neighbourhood  of  0,  the  two  inner 
poles  will  1)0  dominant  and  tho  field  negative  ;  but  if  P  is  very- 
remote  i'rom  0,  the  ])oles  A  and  B  will  be  dominant,  and  the 
field  j)ositive.  There  must  therefore  be  some  position  where 
the  field  vanishes,  and  the  two  rods  A  C,  D  B  would  produce 
no  deviation  on  a  compass  at  that  point,  in  whatever  direction 
the  head  of  the  shi])  carrying  the  system  pointed. 

Such  permanent  magnets  would  produce  what  is  called 
semicircular  deviation  on  a  com])ass  situated  at  any  distance 
but  this  critical  one  from  0;  that  is,  through  one  semicircle 
the  deviation  would  be  easterly,  and  through  the  remaining 
semicircle  westerly;  but  these  semicircles  would  each  have 
the  deviation  produced  in  it  changed  in  sign  if  this  critical 
point  is  transgressed.  If,  however,  the  rods  A  C,  D  B  are  of 
soft  iron,  liable  to  magnetization  by  the  action  of  the  hori- 
zontal component  of  the  earth's  field,  the  general  efJ'ect  is 
that  the  direction  of  the  deviation  changes  sign  after  every 
quadrant,  each  jiair  of  opposite  quadrants  having  one  kind  of 
deviation,  easterly  or  westerly;  and  in  this  case  the  actual 
sign  for  each  pair  of  opposite  quadrants  de])ends  upon  the 
position  of  the  compass  relative  to  this  critical  jiosition. 

This  apj)lication  may  serve  to  excuse  me  for  bringing 
forward  an  easy  method  of  practically  finding  this  point. 

It  is  clear  that  the  point  is  one  for  which  the  field  due  to 
either  magnet,  A  C  or  D  B,  alone,  would  be  entirely  along 
0  P,  t.  e.  at  right  angles  to  the  axis  of  the  magnet. 


The  Solution. 


Fijr.   2. 


Let  n  m  be  the  position  of 
the  poles  of  a  magnet,  and  P 
a  point  situated  at  distance 
d  from  0,  0  being  in  the  axis 
of  the  magnet  produced,  and 
P  0  being  ])erpendienlar  to 
0  ni  n. 

Let  the  distance 

On  =n, 

Om  =  m.  ^  ^.  rv 

Let  'p  be  the  numerical  value  of  the  poles  m  and  n. 
Then,  writing  down  the  condition  that  the  component  parallel 
to  the  magnet  of  the  field  produced  at  P  by  p  at  m  shall  be 
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equal  and  opposite  to  the  same  thing  produced  hj p  at  n,  we 
obtain 

m         _        n  .^^ 

as  the  equation  to  find  d,  all  the  other  measurements  being 
known. 

Manipulating  this  expression,  we  have  at  length 

4       2mn       4         Zmn 


(— V- 

\2mn/ 


Now  it  happens  that  in  hyperbolic  trigonometry  we  have 

cosli3  6'-|cos^-icosh3^=0 (3) 

If",  therefore,  we  make 

!^^^'  =  cosh3^, (4) 

zmn 

we  have  also 

-^  =  cosh(9 (5) 

zmn 

By  means,  therefore,  of  the  table  of  hj'perbolic  sines  and 
cosines  which  this  Society  has  recently  published,  we  can 
easily  determine  d.  . 


We  can  deduce  the  distance  of  the  poles  apart,  by  applying 
this  proposition  inversely. 

It  is  of  course  very  easy  to  arrive  at  this  state  of  things 
practically  with  a  magnet. 

Suppose  we  arrange  a  small  magnetometer-needle  in  the 
meridian,  and  notice  the  position  of  the  light-beam  on  a  scale 
in  an  ordinary  way. 

Find  the  direction  of  the  axis  of  the  needle  by  the  condi- 
tion that  a  long  magnet  laid  in  that  line  will  not  affect  the 
position  of  the  spot  of  light  ;  then  place  that  magnet,  or  any 
other,  at  right  angles  to  this  position  and  move  it  in  the 
direction  of  its  length  until  again  the  spot  of  light  is  at  its 
old  place.  No  torsion  affects  these  observations;  indeed,  the 
real  meridian  need  not  have  been  the  direction  found. 

Then,  obviously,  of  the  various  quantities  quoted  in  the 
problem,  we  are  in  direct  possession  of  d  and  7n+7i  (the  latter 

because  the  middle  \K)'mt  of  the  magnet  is  distant  — ^—  {  =  1), 
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perpendicularly  from  the  axis  of  the  magnetometer-needle); 
but  the  pole-distance  ni  —  n-='ia  is  only  implicitly  known. 

Its  value  may  be  deduced  from  the  equations  (4)  and  (5); 
thus 

m  —  n         2a       a       ,      ,  30 
or  ^^  =rr  =  tanh  -;^, 


m+n         21       I  2 

where 


^  =  V 


cosh  3^4-1 
4  cosh  0 


Tlie  latter  function  is  not  hard  to  deduce  from  the  tables. 

Experiments  on  this  plan  showed  that  the  -s-irtual  distance 
between  the  poles  soon  approaches  the  full  length  of  the 
magnet. 

It  remains  to  give  the  expression  for  the  field  under  the 
circumstances.     It  is 

4M    _^osh2  6' 
d'  (4cosh2|9-f)i' 

where  M  is  the  moment,  or  ^^{n—m). 

It  will  be  noticed  that  we  have  j  at  our  disposal  if  we  allow 

d  to  vary,  i.  e.  one  degree  of  freedom.     Suppose,  therefore, 
we  arrange  to  simphfythe  expression  for  the  field  by  putting 

cosh2  6>=^. 
4 

Then  the  field  =  51J  . 

but  at  the  same  time,  since 

cosh  0=  —^5 

cosh  3^=  \^5, 

..^  L=      /cg"3~(9+l  ^  /r)^-HY 
"d      V    4  cosh  ^         V2x5i/ 

/I       n/5\* 
=  (2  +  10) 

=  •850651. 
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Let  tan  ^  =  ;t  j  then 

</)  =  40°  23'  10", 

and  we  must  keep  the  middle  point  of  the  magnet  on  the  line 
making  this  angle  with  the  meridian. 
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January  21,  1891.— A.  Geikie,  Esq.,  LL.D.,  F.R.S., 
President,  in  the  Chair. 

THE  following  communication  was  read  : — 
"  On  the  Age,  Formation,  and  Successive  Drift  Stages  of  the 
Valley  of  the  Darent ;  with  llemarks  on  the  Palaeolithic  Implements 
of  the  District,  and  on  the  Origin  of  the  Chalk  Escarpment."     By 
Professor  Joseph  Prestwich,  D.C.L.,  F.R.S.,  F.G.S.,  &c. 

i.  General  Character  and  Age  of  the  Darent  Vallei/. — The  river 
is  formed  by  the  union  of  two  streams,  the  main  one  flowing  east 
from  near  Limpsfield,  the  other  west  from  near  Ightham,  parallel 
with  the  ranges  of  Lower  Greensand  and  Chalk,  and  flows  north- 
ward into  the  Thames.  The  first  indent  of  the  valley  was  subsequent 
to  the  deposition  of  the  Lenham  Sands,  and  indeed  to  the  lied  Clay 
with  flints  and  the  old  implement-bearing  drift  with  which  this  is 
associated  ;  and  the  same  remark  applies  to  a  system  of  smaller 
valleys  starting  near  the  crest  of  the  escarpment  and  running  into 
the  Thames. 

ii.  The  ChalJc  Plateau  Drifts  and  associated  Flint  Implements. — 
Since  the  publication  of  the  author's  Ightham  paper,  Mr.  Harrison 
and  Mr.  De  B.  Crawshay  have  found  implements  mostly  of  rude  type 
(though  a  few  are  as  well  finished  as  those  of  Abbeville)  in  numerous 
localities  on  the  plateau,  where,  owing  to  the  gradients,  the  diftor- 
ence  of  level  between  plateau  and  valley-bottom  is  much  greater 
than  at  Currie  Farm.  Evidence  derived  from  the  character  and 
conditions  of  preservation  of  these  implements  is  adduced  in  favour 
of  their  great  antiquity. 

iii.  The  Initial  Stages  of  the  Darent  Valley. — The  author  has  pre- 
viously shown  that  in  early  Pliocene  times  a  plain  of  marine  denudation 
extended  over  the  present  Vale  of  Holmcsdale,  and  that  in  pre-glacial 
times  the  plain  was  scored  by  streams  flowing  from  the  high  central 
Wealden  ranges.  These  streams  centred  in  the  Darent,  and  the  ex- 
cavation of  the  present  valley  then  commenced.    There  is  a  gap  in  the 
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sequence  between  the  pre-glacial  drifts  and  the  earliest  posfc-glacial 
drit'tsof  the  valley,  which  is  probably  covered  by  the  extreme  glacial 
epoch.  It  was  a  time  of  erosion,  rather  than  of  deposition  in  this 
area.  Of  the  earliest  drift  of  the  Darent  valley,  little  has  escaped  later 
denudation.  The  bank  of  coarse  gravel  on  the  hill  on  the  west  side  of 
the  valley  between  Eynsford  and  Earningham,  certain  flint-drifts 
in  the  upper  part  of  the  valley,  and  a  breccia  of  chalk-fragments  on 
the  hill  west  of  Shoreham,  may  be  referred  to  this  period. 

iv.  The  Hir/h-Level  or  Limpsfield  Gravel  Slarje. — The  gravel  at 
Limpsfield  occurs  on  the  watershed  between  the  Darent  valley  and 
the  Oxstcd  stream,  but  the  author  agrees  with  Mr.  Topley  that  the 
gravel  belongs  to  the  Darent  system,  and  Westheath  Hill  may  be 
part  of  the  original  ridge  separating  the  two  valleys.  This  gravel 
is  post-glacial,  and  the  denudation  of  the  area  had  made  considerable 
progress  at  the  time  of  its  formation,  for  the  Chalk  escarpment  rises 
200-300  feet,  and  the  Lower  Greensand  100-200  feet  above  the 
gravel-bed.  The  author  traces  outliers  of  this  gravel  down  the 
valley'  at  lower  and  lower  points  to  the  Thames  valley  at  Dartford, 
and  correlates  it,  not  with  the  high  plateau-gravel,  but  with  the 
High-level  gravel  of  the  Thames  valley,  and  shows  that  its  com- 
position indicates  that  it  is  derived  from  the  denudation  of  the  Chalk 
and  Tertiary  beds.  Mr.  A.  M.  Ik'll  has  discovered  numerous  imple- 
ments in  it,  mostly  of  the  smaller  8t.  Acheul  type,  and  the  author 
hopes  that  they  will  soon  be  described  by  their  discoverer.  These 
im]i]enicnts  agree  in  general  type  with  the  "  Hill  group"  of  the  Shodo 
valley,  and  not  with  the  older  group  of  the  Chalk  plateau,  or  those 
of  the  lower  levels  of  the  Thames  and  Mcdway. 

V.  Contemj^oraneonn  Drift  of  the  Craif  Valhi/. — Implements  of  this 
age  have  been  found  by  Mr.  Crawshay  and  l)y  Mr.  P.  Norman,  near 
Green  Street  Green,  in  gravel  which  is  more  than  100  feet  below  the 
Red  Clay  of  the  plateau. 

vi.  Brich-carths  of  the  Darent  Valh;/. — These  are  traced  along  the 
upper  course  of  the  valley  from  near  Limpsfield.  They  seem  to 
show  glacial  influence,  and  Mr.  Ik'll  has  discovered  a  few  implements 
in  them.  The  Limpsfield  deposit  is  from  10  to  30  feet  below  the 
adjacent  gravel.  iJrick-earth,  possibly  of  somewhat  later  date,  also 
occurs  near  Dartford. 

vii.  Ofhfr  Gravels  of  the  Darent  Valley:  The  Chevenin;/  and 
Dvnton  Green  Drifts. — The  relations  of  the  gravels  grouped  under 
this  bead  are  more  uncertain  than  those  of  the  Lini])sfleld  stage. 
Various  features  in  the  gravels  point  to  the  temjiorary  return  of 
glacial  conditions  during  the  period  of  formation  of  these  and  the 
brick-earths :  and  these  are  described  in  detail. 

viii.  l^he  Loiv-levd  Valley-Gravels. — The  correlation  of  these  is 
also  uncertain.  West  of  Dartford  is  a  bed  corresponding  with  that  at 
Erith  in  which  'Mr.  Spurrell  found  a  palax)lithic  floor.  It  contains 
land-  and  frcshwater-sluils.  The  surface  of  the  Chalk  is  here 
festooned  under  a  covering  of  the  fluviatile  drift.  The  author 
attributes  this  fcstoojiini!;  to  the  eftects  of  cold. 
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ix.  The  Rubble  on  the  Sides  and  in  the  Bed  of  the  Valley. — The 
author  describes  this  rubble,  and  rejects  the  view  that  it  is  rain- 
wash  or  due  to  subaerial  action,  and  discusses  the  possibility  of  its 
having  been  produced  by  ice-action. 

X.  Alluvium  and  Neolithic  Impalements. — These  occur  chiefly 
between  Bhoreham  and  Riverhead. 

xi.  On  the  Chalk  Escarpment  ivithin  the  Darent  District.— Tho 
author,  after  discussing  and  dismissing  the  view^that  the  escarpment 
was  formed  by  marine  denudation,  criticizes  the  theory  that  it  was 
due  to  ordinary  subaerial  denudation,  and  lays  stress  on  the  irregular 
distribution  and  diversity  of  the  drift-beds  in  the  Darent  area  ;  these 
do  not  possess  the  characters  which  we  should  expect  if  they  were 
formed  by  the  material  left  during  the  recession  of  the  Chalk  escarp- 
ment owing  to  subaerial  action  ;  and  he  believes  that  glacial  agency 
was  the  great  motor  in  developing  the  valleys  and,  as  a  consequence, 
the  escarpment,  and  that  the  denudation  was  afterwards  further 
carried  on  in  the  same  lines  by  strong  river-action  and  weathei'ing, 
though  supplemented  at  times  by  renewed  ice-action.  By  such 
agencies,  aided  by  the  influence  of  rainfall  and  the  issue  of  powerful 
springs,  he  considers  that  the  escarpment  was  gradually  pared  back 
and  brought  into  its  present  prominent  relief. 

February  4,  1891.— A.  Geikie,  Esq.,  LL.D.,  F.R.S., 
President,  in  the  Chair. 

The  following  communications  were  read  : — 

1.  "  The  Geology  of  Barbados  and  the  West  Indies. — Parti.  The 
Coral  Bocks."  By  A.  J.  Jukes-Browne,  Esq.,  F.G.S.,  and  Professor 
J.  B.  Harrisor,  M.A.,  F.G.S. 

The  authors  first  discuss  the  reef  growing  round  Barbados  and 
describe  a  submarine  reef,  the  origin  of  which  is  considered ;  and  it 
is  pointed  out  that  there  is  no  sign  of  any  subsidence  having  taken 
place,  but  every  sign  of  very  recent  elevation.  They  then  describe 
the  raised  reefs  of  the  island,  extending  to  a  height  of  nearly  1100 
feet  above  sea-level  in  a  series  of  terraces.  The  thickness  of  the 
coral-rock  in  these  is  seldom  above  200  feet,  and  the  rock  does  not 
always  consist  of  coral-debris.  At  the  base  of  the  reefs  there  is 
generally  a  certain  thickness  of  detrital  rock  in  which  perfect  reef- 
corals  never  occur. 

The  collections  of  fossils  made  by  the  authors  have  been 
examined  by  [Messrs,  E.  A.  Smith  and  J.  W.  Gregory.  Of  the 
corals,  5  out  of  10  species  identified  still  live  in  the  Caribbean  Sea, 
and  1  is  closely  allied  to  a  known  species,  whilst  the  other  4  arc 
only  known  from  Prof,  Duncan's  descriptions  of  fossil  Antiguan 
corals.  The  authors  are  of  opinion  that  the  whole  of  the  terraces 
of  Barbados,  the  so-called  "  marl  "  of  Antigua,  and  the  fossiliferous 
rocks  of  Barbuda  are  of  Pleistocene  age. 

They  proceed  to  notice  the    formations    in  other  "West  Indian 
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islands  which  appear  to  be  raised  reefs  comparable  with  those  of 
Barbados,  and  show  that  these  reefs  occur  through  the  whole  length 
of  the  Antillean  Chain,  and  indicate  a  recent  elevation  of  at  least 
1300  feet,  and  in  all  probability  of  nearly  20ijO  feet.  It  appears 
improbable  that  each  island  was  a  region  of  separate  uplift,  and  as  a 
plateau  of  recent  marine  limestone  also  occurs  in  Yucatan,  this 
carries  the  region  of  elevation  into  Central  America,  and  it  is 
reported  that  there  are  raised  reefs  in  Colombia.,  The  authors 
conclude  that  there  has  been  contemporaneous  elevation  of  the  whole 
Andean  Chain  from  Cape  Horn  to  Tehuan tepee  and  of  the  Antillean 
Chain  from  Cuba  to  Barbados.  Before  this  there  must  have  been 
free  communication  between  the  Atlantic  and  Pacific  Oceans,  which 
is  confirmed  by  the  large  number  of  Pacific  forms  in  the  Caribbean 
Sea.  Under  such  geographical  conditions  the  great  equatorial 
current  would  pass  into  the  Pacific,  and  there  would  be  no  Gulf 
Stream  in  the  North  Atlantic. 

2.  "The  Shap  Granite,  and  the  Associated  Igneous  and  Meta- 
morphic  Rocks."  By  Alfred  Harker,  Esq.,  M.A.,  F.G.S.,  and  J.  E. 
Marr,  Esq.,  M.A.,  Sec.  G.  S. 

The  authors  describe  the  normal  granite  of  the  intrusion,  and 
discuss  the  characters  of  certain  variations  from  the  usual  type. 

The  dykes  and  sills  of  the  neighbourhood  are  also  considered  ; 
the  similarity  of  some  of  these  to  certain  inclusions  in  the  granite  is 
noticed ;  and  reasons  are  given  for  supposing  that  many  of  the 
felsites  and  mica-traps  of  this  region  are  connected  with  a  magma 
which  was  intruded  amongst  the  Lower  Palteozoic  rocks  in  pre- 
Carboniforous  times,  and  with  which  the  Shap  granite  is  itself 
connected. 

The  metamorphic  effects  of  the  granite  upon  the  surrounding 
rocks  are  then  described.  A  remarkable  set  of  changes  produced  in 
a  scries  of  andesites  and  another  of  rhyolitcs,  with  their  respective 
pyroclastic  rocks,  is  considered  in  detail,  and  tlie  results  of  the 
metamorphism  of  the  Coniston  Limestone  series  and  the  Coniston 
Flags  and  Grits  are  given  and  compared  with  those  obtained  by  other 
workers  in  Norway,  the  Harz  Mountains,  and  elsewhere. 
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OBSERVATIONS  ON  THE  PAPER  BY  PROF.  TROWBRIDGE, ''  MOTIONS 
or    ATOMS    IN    THE   ELECTRICAL    DISCHARGE  "    (Pllil.     Mag. 

5tli  series,  vol.  xxx.  p. 480,  1890).     by  e.  Wiedemann  and 
H.  ebert. 

T^O  the  paper  of  Prof.  Trowbridge  cited  above,  iu  which  be  proves 
-*-      that  the  molecules  in  electrical  discharges  possess  no  motion  of 
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translation  in  the  direction  of  the  discharge,  we  beg  to  make  the 
following  historical  observations  : — 

1.  When  von  Zahn  investigated  the  spectral  lines  of  a  discharge- 
tube,  in  one  case  in  a  direction  at  ris^lit  angles  to  the  axis,  and  then 
in  the  direction  of  the  axis  itself,  the  lines  were  not  displaced, 
although  he  was  able  to  distinguish  even  the  j'y  of  the  distance  of 
the  D  lines.  This  displacement  would  have  corresponded  to  a 
velocity  of  one  geographical  mile  in  the  direction  of  the  axis  *. 

2.  Preliminary  experiments  of  Tait,  in  which  the  spectra  of  a 
tube  containing  bromide  of  carbon  were  found  to  be  the  same  both 
when  parallel  and  at  right  angles  to  the  discharge-tube,  showed 
that  the  velocity  must  be  far  greater,  about  90  geographical  miles 
in  a  second. 

3.  But  that  it  can  neither  attain  the  value  obtained  by  von 
Zahn,  still  less  a  higher  one,  follows  from  the  experiments  of  E. 
Wiedemann  and  H.  Ebert  f,  which  were  obtained  both  by  the 
method  of  Fraunhofer's  minima  of  the  second  class,  as  well  as  by 
the  method  of  high  interferences. 

4.  The  method  employed  by  Prof.  Trowbridge,  as  he  himself 
states,  shows  changes  in  the  wave-length  of  1/4000  ;  that  used  by 
Wiedemann  and  Ebert,  of  which,  as  well  as  of  the  other  methods 
mentioned  above,  Professor  Trowbridge  makes  no  mention,  shows 
a  change  of  1/834,000  of  the  value.  The  latter  is  therefore  about 
200  times  as  sensitive  as  the  former. 

Erlangen,  January  1891. 


ON  hertz's  electrical  vibrations  in  air.     by  e.  sarasin 

AND  L.  DB  LA  RIVE. 

A  very  thin  lead  plate  2-95  metres  broad  and  2*8  metres  high, 
was  suspended  vertically.  The  primary  conductor  was  horizontal, 
and  placed  either  at  5*7  or  9  metres  distance  from  the  lead  plate,  and 
parallel  to  it ;  its  spark  was  formed  in  the  perpendicular  to  the 
centre  of  the  plate.  The  space  in  front  of  the  lead  plate  was  ex- 
plored by  means  of  a  circular  resonator,  which  was  displaced  along 
a  divided  scale  on  the  normal  to  the  lead  plate.  The  scintilla  at  the 
break  is,  as  observed  by  Hertz,  stronger  when  the  continuous  part 
of  the  circuit  in  which  the  induction  preponderates  is  in  a  loop, 
and  the  break  is  in  a  node,  whereby  for  each  node  the  break 
can  be  turned  to  or  away  from  the  reilectiiig  lead  plate.  Close  to 
the  reflector  is  a  node.  With  various  primary  conductors  and 
resonators  of  1,  0*75,  0-5,  0"36,  0*25,  and  0'20  metre  in  diameter, 
almost  the  same  intermediate  spaces  were  found  as  along  wires. 
The  velocity  of  propagation  through  air  is  thus  essentially  the  same 
as  with  wires.     In  this  case  also  the  resonance  is  a  multiple  one  ; 

*  Wiedemann's  '  Electricity,'  vol.  iv.  p.  580. 

t  Wiedemann's  Avnalen,  vol.  xxxvi.  p.  553,  1880. 
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the  existence  of  simultaneous,  but  different  wave-lengths  proceeding 
from  the  same  primary  conductor  may  be  established ;  only  in  air 
are  the  limits  much  closer  than  in  wires.  In  order  to  obtain  clear 
results  the  dimensions  of  the  primary  conductors  must  here  bear 
a  given  ratio  to  that  of  the  resonator,  which  does  not  differ  greatly 
from  unity. 

For  circles  of  tl)e  diameter  2E,,  the  distance  of  the  node  in  air  L, 
and  in  the  wires  D,  there  was  obtained : — 


2E  .. 

.  .   0-26  m. 

0-36 

0-75 

L   .. 

..    1-]  2-1-25  m. 

1-40-1 -80 

3-00-3-3 

D   .. 

..    1-12 

1-47 

2-96 

The  waves  in  air  are  thus  not  at  all,  or  but  little,  longer  than  in 
wires. — Arcliiv.  cle  Geneve^  [3]  xxii.  p.  557  (1890);  BeihVdtter  der 
PJn/6-il;  vol.  xiv.  p.  1200  (1890). 


ON  THE  CONDUCTION  OF  ELECTRICITY  BY  THE  VAPOURS  OF 
HEATED  SALTS.       BY  SVANTE  ARKHENIUS. 

The  authoj-  gives  a  long  and  important  ])aper  on  this  subject ; 
the  method  of  experimenting  was  to  produce  the  vaj)our  in  the 
flame  of  a  Bunsen-buvner,  and  to  measure  the  conductivity  between 
tA\o  platinum  wires  placed  at  a  given  distance  from  each  other. 
The  various  experimental  precautions  are  fully  described  and  dis- 
cussed ;  the  experiments  extended  to  a  arious  classes  of  salts,  aud 
the  author  sums  up  his  conclusions  as  follows. 

The  extremely  fruitful  hypothesis  of  van't  Hoff,  that  matter  in 
the  form  of  gas  and  in  that  of  dilute  solution  has  perfectly  ana- 
logous properties,  has  so  far  been  established  in  the  most  brilliant 
manner;  aud  with  the  aid  of  the  laws  of  gases  a  light  has  been 
thrown  on  the  nature  of  solutions,  hitherto  undreamed  of.  In 
the  present  paper  I  have  followed  the  i-everse  way,  and  with  a 
knowledge  of  the  electrolytic  properties  of  dilute  solutions  the  same 
properties  which  have  hitherto  been  unkno\\  n  have  been  demon- 
strated in  gases.  Hence  there  is  a  complete  analogy  in  this  respect 
between  the  two  conditions  of  matter. — AViedemann's  Annaleu, 
vol.xlii.p.  18(1891). 


ELECTRICAL  \VAVES.       BY  KKNST  LECHER. 

The  author  describes  a  new  method  of  studying  Hertz's  phe- 
nomena. Instead  of  a  resonator  of  the  type  employed  by  the 
latter,  a  Geissler  tube  is  used.  Two  parallel  wires  of  known 
self-induction  terminate  at  one  end  in  condenser-plates,  which  are 
charged  in  an  oscillatory  manner  by  a  large  Kuhmkorf  coil  excited 
by  storage-cells,      l^pon  the  other  ends  of   tlu>  parallel  wires  rests 
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the  Geissler  tube.  A  short  wire  is  then  sUd  along  the  parallel 
wires  coaueetiug  them  across  like  a  bridge  between  two  parallel 
wires  on  a  sonometer.  At  certain  definite  points  the  Geissler 
tube  glows,  and  the  wave-lengths  of  the  electrical  oscillations  can 
thus  be  measured.  Lecher  finds  that  the  velocity  of  electricity  in 
metallic  wires  is  the  same  as  that  of  L'glit.  He  points  out  a 
slight  inaccuracy  in  Hertz's  work. — American  Journal  of  Science^ 
Feb.  1891,  p.  15G;  Ann.  der  Ph'jsil;  Xov.  12,  1890,  pp.  850-870. 


OX  THE  HEAT  OF  EVAPORATION  OF  LIQUEFIED  GASES. 
BY  E.  MATHIAS. 

The  author  uses  a  calorimetrical  method  of  constant  temperature  ; 
the  heat  withdrawn  from  the  water-calorimeter  by  the  evaporation 
of  the  gas  is  each  moment  restored  by  bringing  strong  sulphuric 
acid  into  the  water  of  the  cabrimeter.  It  was  therefore  necessary 
to  determine  the  heat  of  dilution  of  the  sulphuric  acid  required  for 
the  measurements.  With  this  view  small  glass  flasks  containing 
sulphuric  acid  were  broken  under  water.  A  copper  cylinder  3  cm. 
in  diameter  and  9  cm.  in  height  was  used  as  evaporator ;  this  is 
connected  at  the  top  to  a  serpentine  tube  which  was  coiled  several 
times  round  the  cylinder,  and  on  its  emergence  from  the  Berthelot's 
calorimeter  it  was  insulated  thermally  from  the  rest  of  the  tube  by 
a  connector  of  celluloid. 

In  the  latter  were  two  taps,  a  manometer,  and  finally  a  flask  of 
special  construction  containing  glycerine,  in  order  accuratelv  to  con- 
trol and  regulate  the  rapidity  of  the  evaporation.  The  introduction 
of  the  sulphuric  acid  was  effected  by  an  apparatus  of  the  nature  of  a 
wash-bottle.  Those  parts  of  the  metal  \\hich  came  in  contact  with 
the  acid  were  thickly  gilded  The  author  worked  with  sulphurous 
acid,  nitrous  oxide,  and  especially  with  carbonic  acid  with  a  range 
of  temperature  of  0°  to  31°.  At  the  high  temperatures  the  whole 
room  was  heated  to  the  corresponding  temperature. 

In  this  way  even  the  worst  determinations  did  not  differ  b}"  more 
than  2  per  cent,  from  the  mean.  The  results  of  experiments  with 
SO2  and  CO2  agree  very  well  with  those  deduced  from  Clapeyron's 
equations.  The  differences  with  nitrous  oxide  arise  from  the  gas 
being  impure  from  the  presence  of  nitrogen.  With  all  three  bodies 
the  heat  of  evaporation  decreases  with  increase  of  temperature 
within  the  interval  in  question.  For  sulphurous  acid  this  is  the 
linear  equation, 

A=91-87 -0-384  <. 

For  carbonic  acid  and  nitrous  oxide,  whose  critical  temperatures 
are  between  31°  and  36'-'-4,  the  decrease  is  very  steep  and  can  be 
well  expressed  by  a  function  of  the  temperature  of  the  second 
degree.     For  carbonic  acid, 

\-'=  117-303(31— 0  —  0-4GG(31  —  ;)^ 
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At  the  critical  point  the  heat  of  evaporation  is  exactly  null,  as  the 
tangent  to  the  curve  X=f(t)  is  here  at  right  angles  to  the  abscissa- 
axis.  The  author  concludes  from  the  preceding  that  for  carbonic 
acid  and  nitrous  oxide  at  any  rate  the  specific  heat  of  saturated 
vapour  near  the  critical  point  is  negative,  and  increases  without 
limit  with  the  absolute  vahie.  The  observation  on  the  specific  heat 
of  saturated  vapour  is  further  made,  that  this  function  is  a  maximum, 
and  has  possibly  two  points  of  inversion. — Beibldtter  der  Physik^ 
vol.  xiv.  p.  1197  ;  Doctor  thesis,  Paris,  1890. 


ON  THE  THEEMAL  EXPANSION  OF  SOME  AMALGAMS  IN  THE 
LIQUID  STATE.     BY  C.  CATTENEO. 

The  object  of  these  researches  has  been  to  investigate  certain 
amalgams,  so  as  to  ascertain  whether  in  the  case  of  perfect  lique- 
faction the  approximate  law  is  verified  that  the  metals  retain  their 
respective  coefficients  of  expansion,  and  if,  on  the  other  hand,  their 
formation  was  accompanied  by  an  appreciable  change  of  volume. 
Also  to  study  these  various  amalgams  of  zinc,  so  as  to  calculate 
the  density  and  the  coefficient  of  expansion  of  this  metal  in  the  liquid 
state. 

From  his  experiments  the  author  thinks  he  can  deduce  the 
following  conclusions : — 

1.  AVhen  the  quantity  of  tin,  of  lead,  or  of  zinc  entering  into 
the  composition  of  an  amalgam  is  small,  the  expansion  of  the 
amalgam  is  not  equal  to  the  sum  of  the  expansion  of  the  metals 
which  form  it. 

2.  When,  on  the  contrary,  the  amalgam  is  dry,  the  comparison 
of  the  coeilicients  of  expansion  calculated  from  those  given  bv 
experiment,  show  that  with  a  sufficient  approximation  the  metals 
may  be  regarded  as  retaining  respectively  their  coefficients  of 
expansion. 

The  amalgams  in  question  have  exhibited  a  contraction.  This 
contraction  is  however,  very  feeble  in  the  case  of  very  concen- 
trated amalgams. 

The  values  found  for  the  densities  of  tin,  of  lead,  and  of  zinc  in 
the  liquid  state  at  their  respective  temperatures  of  fusion,  and  for 
their  coefTicients  of  expansion  in  this  same  state,  are  sufiiciently 
accordant  with  those  given  by  Yicentini  and  Omodei ;  from  which 
it  may  be  concluded  that,  like  that  of  alloys,  the  investigation  of  the 
thermal  dilatation  of  amalgams,  provided  they  arc  sufficiently 
concentrated,  may  serve  to  determine  directly  with  a  sufficient 
approximation  the  density  and  coefiicient  of  expansion  of  a  metal 
in  the  liquid  state. — Jotirnal  de  Pln/sique  (ii.)  vol.  ix.  p.  510,  from 
Atti  della  li.  Accademia  delle  Scie)i:<'  di  Torino,  vol.  xxv.  p.  492. 
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XXXIV.    Oti  Kerr's  Magneto-optic  Phenomenon  in  the  case 
of  Equatorial  Magnetization  of  Iron.     By  R.  Sissixgh*. 

1.  TT^ERRt  foimJ  in  the  years  1877  and  1878  that,  on 
XV.  the  reflexion  from  magnetized  iron  of  light 
polarized  in  a  plane  parallel  or  perpendicular  to  the  plane 
of  incidence,  there  arises  in  the  reflected  ray,  in  addition 
to  the  component  furnished  by  the  metallic  reflexion,  another 
component  polarized  in  a  plane  at  right  angles  to  this  one. 
An  exact  explanation  of  this  phenomenon  requires  the  deter- 
mination of  the  amplitude  and  })hase  of  the  magneto-optic 
component  and  its  relation  to  the  angle  of  incidence.  This 
determination,  in  the  case  of  iron  magnetized  parallel  to  the 
plane  of  incidence  and  to  the  reflecting  surface,  is  the  object 
of  the  present  investigation,  in  which  the  results  obtained  are 
compared  with  the  theory  of  H.  A.  LorentzJ.  This  theory 
permits  of  a  more  simple  explanation  of  the  phenomenon  § . 

2.  Method  of  Observation. — If  the  polarizer  is  perpendiculai' 
or  parallel  to  the  plane  of  incidence,  and  the  analyser  in  a 
plane  perpendicular  to  the  polarizer,  the  reflected  light  after 

*  Translated  from  Wied.  A7w.  vol.  xlii.  p.  115  (1891),  by  James  L. 
Howard. 

t  J.  Kerr,  Phil.  Mag.  (o)  vol.  iii.  p.  321,  1877 ;  (5)  vol.  v.  p.  161 
(1878). 

X  H.  A.  Lorentz,  Verslagen  en  Meeded.  der  Acad.  Amsterdam,  Reeks  2, 
Deel  xix.  (1883) ;  Bcibliitter,  viii.  p.  8i39  (1884). 

§  For  this  explanatiou  the  reader  may  be  referred  to  my  original 
lap'jr  in  the  Verhandelingen  der  Ahad.  von  Wetemchappen  (Amsterdam), 
XX  viii. 


?ap'jr  ii 
)ecl  X? 


fhU.  Mag.  S.  5.  Vol.  31.  No.  191.  ApHl  1891.         Y 
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magnetic  reflexion  will  not  be  extinguished  by  the  analyser, 
because  the  magnetic  component  of  the  light  does  not  pass 
through  tlio  analyser  without  being  weakened.  By  rotating 
one  or  both  Nicol  prisms,  however,  the  intensity  of  the  light 
can  be  reduced  to  a  minimum  or  zero.  These  rotations  will  be 
called  minimum-  or  zero-rotations,  and  will  be  designated  by 
^Tp°\  4>Ta'\  <Kp°\  ^Ta"^'  The  indices  m  and  o  denote  the 
kind  of  rotation  (??i  =  minimum,  o=zero),  p  and  a  indicate 
which  Nicol  prism  is  rotated,  z  and  I  refer  to  the  plane  of  polari- 
zation of  the  incident  light,  i  meaning  that  the  light  is  polarized 
in  a  plane  nearly  parallel,  and  I  nearly  perpendicular,  to  the 
plane  of  incidence.  Prof,  van  der  Waals  has  shown  how,  by 
the  help  of  these  rotations,  we  can  determine  the  amplitude  /i 
and  the  phase  m  of  the  magnetic  component  of  the  light  *. 

For  the  exact  determination  of  the  quantities  observed  the 
positive  direction  of  rotation  must  first  be  defined,  and  a  mode 
of  expressing  differences  of  phase  must  be  agreed  upon.  Let 
the  observer  imagine  himself  looking  along  the  direction 
of  the  incident  or  reflected  light,  with  his  face  turned  towards 
the  mirror;  then  the  rotations  of  the  Nicol  prisms  are  positive 
if  in  the  same  direction  as  the  motion  of  the  hands  of  a  watch 
with  its  face  to  the  observer.  The  difference  of  phase  of  two 
waves  of  light  whose  oscillations  are  not  jiarallel  to  eadh  other 
is  zero,  if  the  greatest  distances  (of  the  <Tther  molecules)  from 
the  mean  position  are  reached  at  the  same  time  for  each  wave. 
These  distances,  which  are  in  a  certain  sense  arbitrary,  I  have 

Fijr.  1. 


y  CO 

chosen  to  be  as  given  by  Uy,  Oa,  Ob  in  fig.  1  ;  Oy  for 
incident  and  reflected  light  polarized  parallel  to  the  plane  of 
incidence,  Oa  for  incident  and  0/>  for  reflected  light,  both 
polarized  perpendicularly  to  the  jilane  of  incidence.  In  this 
figure  AO  is  the  inciilent  ray,  K)]S  the  reflected  ray,  and  SS 
the  mirror.  Oa  and  K)h  lie  in  the  ])lane  of  incidence  ;  Oy  is 
perpendicular  to  the  plane  of  incidence.  Oa  is  at  right 
angles  to  OA,  and  0Z>  to  OB.     The  difterences  of  phase  are 

*  Cf.  P.  C.  Kaz,  "  Over  te  teruffhaatmuj  van  het  Lichi  door  inagneten, 

Dissertation,  Amsterdam,  1884  ;  Beibliittcr,  ix.  p.  'lib  (^1885). 
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always  retardations,  reckoned  with  reference  to  the  reflected 
wave  polarized  parallel  to  the  plane  of  incidence. 

In  accordance  with  the  convention  ado])ted  by  all  previous 
observers,  I  have  called  the  magnetization  positive  if  the 
north  poles  of  the  magnetic  molecules  are  directed  towards 
that  side  of  the  normal  to  the  mirror  on  which  the  polarizer 
lies. 

3.  We  can  now  deduce  the  formulae  which  serve  to  de- 
termine the  amplitude  yu,  and  the  phase  in  of  the  magnetic 
component  of  the  light,  in  the  case  of  a  bundle  of  incident 
rays  polarized  parallel  to  the  plane  of  incidence.  In  these 
formula  /  and  h  are  the  amplitudes  of  the  reflected  light 
polarized  parallel  and  perpendicularly  to  the  plane  of  incidence 
respectively,  when  the  incident  ray  has  amplitude  equal  to 
unity  and  is  polarized  in  the  same  plane.  ^  is  the  relative 
difference  of  phase  of  these  two  waves  in  the  case  of  metallic 
reflexion. 

Let  the  polarizer  be  set  parallel  to  the  plane  of  incidence  ; 
and  let  the  amplitude  of  the  light  incident  on  the  mirror  be 
unity.  Now  turn  the  polarizer  through  a  small  angle,  (p^^. 
The  rays  falling  on  the  mirror  are  then: — 

A  ray  polarized  parallel  to  the  plane  of  incidence,  ampli- 
tude 1 ; 

A  ray  polarized  perpendicularly  to  the  plane  of  incidence, 
amphtude  ^.  . 

By  reflexion,  we  obtain : — 

A  ray  polarized  paraUel  to  the  plane  of  incidence,  ampli- 
tude /,  retardation  of  phase  zero  ; 

A  ray  polarized  perpendicularly  to  the  plane  of  incidence, 
amplitude  ]i<^^  ,  retardation  of  phase  $  ;  and 

A  ray  polarized  perpendicularly  to  the  plane  of  incidence, 
amplitude  /x,^,  retardation  of  phase  711*. 

If  now  the  analyser  be  turned  through  a  small  angle  <f>.^^ 
out  of  the  position  in  which  the  reflected  light  was  quenched 
before  the  polarizer  was  turned  and  the  mirror  magnetized,  the 
analyser  transmits  a  bundle  of  rays  with 

amplitude  —/<!>(„,  retardation  of  phase  0, 

*  The  indices  attached  to  fi  and  ni  indicate  that  the  plane  of  polarization 
of  the  incident  ray  is  nearly  parallel  (t)  or  nearly  pei-pendicular  (/)  to  the 
plane  of  incidence. 

Y2 
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The  resulting  intensity  is 

{  -/<f>ia  +  Hip  cos  ^  +  fii  cos  m,  y+{  h<l>.^  sin  ^  +  fi^  sin  m. } '-. 
This    will    1)0    a    minimum  when    (b.  .    cb      have    the    values 

ria         ii/j 

^Z'  4*^}  o'"^'^"  by  the  following  equations  : — 

-/i>Ta  +  Hip  COS  4>  +  /X.  COS  m.  =  0, 


^^<^;;-#.„cosa>+/..cos($-m.)  =  0,    '•      • 

These  equations  can  also  be  determined  by  a  geometrical 
construction  for  the  resultant  amplitude  of  the  waves  which 
travei'se  the  analyser. 

If  the  incident  ray  is  polarized  perpendicularly  to  the  plane 
of  incidence,  we  obtain  in  the  same  manner  : — 


~f<f>JI,  +  Hla  COS  ^  +  tli  COS  m^  =  0, 


>-m,)  =  0,  J" 


(2) 


In  the  above  deduction  quantities  of  the  order  (<^,-  )'.  /J'<f>ip, 
&c.  are  neglected,  because  the  rotations  (j)  are  only  a  few 
minutes  of  angle,  and  fi  is  less  than  O'OOI  *. 

4.  If,  on  reversal  of  the  magnetization,  the  amplitude  fi  of 
the  magnetic  component  of  the  light  also  changes  its  sign 
without  any  alteration  of  the  })hase  m,  it  follows  from  the 
formuUe  (1)  and  (2)  that  the  minimum  positions  of  the  Nicol 
prisms  are  only  symmetrical  with  respect  to  the  plane  of 
incidence  and  a  plane  perpendicular  to  it,  in  case  the 
incident  or  reflected  ray  is  polarized  in  one  of  these  planes. 
^.  ,  ^.„,  (j),,  <pi^^  must  be  equal  to  zero.  If  we  call  the 
angles  between  the  mininmm  positions  of  the  Nicol  })risms  for 
positive  and  negative  magnetization  i/r!"  &e.,  it  follows  from 
(1)  and  (2),  with  the  above  assumption  :  — 


tan  m.  =  -  cot  <I>  -  -.— ^    .-^' :     ^.  =  +   ;'  ^'"     ;      | 
smct> /xir'"       ^'  2cosm 

^    T  la  I 


1  HZ.    _ .  fn 


y-  (3) 


tan  )/(,=  — cot<t—    .      .     ..  ";     IJ',=  +  ,'  J      1 

'  sm  <l>/'«/r;» '     ^'  2cosm,      J 


*  ^i/h  4'ia)  4>iih  0'"  imliciilc  tlio  .-^luall  iiugk'S  botweeu  the  plane  of 
lai'izatiou  of  the  Nicol  prisms  and  tiie  plane  of  incidence  or  a  plane  at 
rht  angles  to  it.  The  indices  »  and  /  mean  that  the  incident  lipht 
pohirized  nearly  parallel  or  normal  to  the  plane  of  incidence.  The 
alyser  is  set  in  a  piano  nearly  perpendicular  to  the  plane  of  incidence. 
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The  intensity  of  the  light  emerging  from  the  analyser  after 
the  minimum  rotation  (^]^  is,  referring  back  to  the  first 
formula  of  all,  §  3, 

(/i0;p  sin  4)  +  /i.  sin  ??? .)  ^. 

If  we  turn  the  analyser  out  of  the  minimum  position  through 
an  angle  e,  the  intensity  alters  hj  f-e'^.  As  a  slight  alteration 
of  intensity  can  be  the  more  easily  observed  the  smaller  the 
original  intensity,  it  follows  that  the  accuracy  with  which  the 
minimum  rotations  can  be  observed  is  greatest  at  small  and 
large  angles  of  incidence,  and  is  smallest  in  the  neighbourhood 
of  the  polarizing  angle,  where  the  total  intensity  is  greatest. 
This  accuracy  is  not  the  same  for  positive  and  negative  mag- 
netization, excepting  when  (jy.  ,  (p.^,  <^.,  ^^^  are  equal  to 
zero. 

5.  The  positions  of  the  Nicol  prisms  in  which  the  light 
reflected  from  the  magnetized  mirror  is  extinguished  by  the 
analyser,  that  is  the  "  zero  rotatious,^^  are  deduced  from  the 
formulae  for  the  intensity  obtained  in  §  3. 

These  give  : — 

//<f)?sm^  ^'  smm. 

^'p  ^     .     (4) 

fd)°       1  7/6?  sin^ 

cot  m,  =  -'J^P-    ,:"  ^  +  cot ^,     fM,=  -     ^l" 

If  the  amplitude  fi,  and  not  the  phase  m,  of  the  magnetic 
component  of  the  light  alters  its  sign  with  the  direction  of 
magnetization,  we  can  replace  ^?j  &c.  in  equations  (4)  above 
by  the  angles  yjr^^  .  .  .  .  ,  between  the  zero-positions  of  the 
Nicol  prisms  for  positive  and  negative  magnetization,  these 
latter  angles  being  twice  as  great  as  the  former.  We  thus 
obtain  a  factor  2  in  the  numerator  of  the  equations  for  //,,-  and 
fi^.  Now  it  can  easily  be  proved  that  the  zero-rotations  can 
be  most  accurately  observed  when  sin  <^l>  ($  =  difference  of 
phase  on  reflexion  from  the  metal)  is  greatest;  that  is,  in  the 
vicinity  of  the  polarizing  angle.  At  the  polarizing  angle  the 
zero  and  minimum  rotations  are  equal  to  each  other*. 

G.  Description  of  the  Apparatiis. — The  mirrors  were  ground 
on  iron  rings  which  were  encircled  by  seven  layers  of  wind- 
ings of  copper  wire  1*5  to  2  millim.  thick.     Fig.  2  gives  a 

*  For  complete  proofs  of  these  statements  the  original  memoir  must  be 
consulted. 
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section  through  this  ring  by  a  plane  normal  to  the  reflecting 
surface. 

The    coils    do  not    project  Fig-  2. 

over  the  surface  of  the  mirror.  Mirror. 

The  mawnetizincr  current  was 
furnished  by  15  Bunsen-cells, 

in   5  sets   each  containing  3      M^/^^'^^'\^\'\\     y^'(>i^- 
cells  in  parallel,  the  sets  being- 
joined  uj)  in  series  ;  the  mag- 
netization   was    measured   by 
Rowland's  method  *. 

In  the  centre  of  the  mirror, 
for  a  magnetizing  current  of  Ring. 

15  amperes  its  value  was  1400  C.G.S.  units  per  imit  volume. 
The  mirror  was  nearly  saturated  ;  the  magnetism  increased 
8  per  cent,  for  a  rise  of  current  from  7"5  to  22  amperes,  and 
only  2  per  cent,  between  15  and  22  amperes.  These  rings 
had  the  advantage  that  small  masses  of  iron  could  be  strongly 
mag-netized,  and  a  spectrometer  used  for  the  investigation. 
Two  mirrors  were  experimented  upon.  The  diameter  of  the 
rings  was  10  centim.,  the  thickness  0'6  centim.,  the  length  of 
the  mirror  3  centim.,  and  its  breadth  2*8  centim. 

The  optical  constants  were  determined  by  a  Babinet's 
compensator  t- 

T\r- Polariziurr  Angle  Principal  Azimuth 

Minoi.  ^j^-  i'jj^^ 

I.  .     .     .     77°     23-5'  I  '2G°    31' 

II..     .     .     76°    30-5'$  26°    W 

7.  In  the  observations  a  parallel  plane-polarized  bundle  of 
rays  is  reflected  from  the  mirror,  and  th(^  intensity  of  the 
reflected  light  is  brought  to  zero  or  a  minimum  bv  rotatinti- 
th(^  analyser.  In  order  to  make  measurements  with  verv 
small  or  with  normal  incidence,  the  collimator,  which  gives 
the  parallel  bundle  of  rays,  and  the  polarizer  are  separated 
from  the  spectrometer.  These  three  parts — collimator, 
polarizer,  and  spectrometer — are  so  arranged  that  they  can  be 
moved  round  the  edge  of  a  circular  j)latform. 

*  Rowland,  Phil.  Mag.  (4)  xlvi.  p.  140,  1873. 

t  For  the  adjustment  of  the  compensator  and  the  method  of  usiuT  it. 
cf.  Sissingh,  Uissertation,  Leyden,  188>"j,  and  Arcli.  J\'m-.  xx.  p.  171. 

J  There  is  a  considerable  diiference  between  the  polarizing-ansrles  of 
the  two  mirrors  ground  and  polished  in  the  same  manner.  If  tlie  two 
mirrors  were  not  grounil  and  polisluni  in  exactly  the  same  way,  I  often 
observed  dillereuces  in  J  and  H.  I  hojx'  to  investigate  this  more  fully  in 
tlie  future. 
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The  polarizer  can  be  moved  along  a  groove  at  right  angles 
to  this,  and  is  inserted  on  a  pillar  provided  with  sights.  This 
apparatus  permits  the  polarizer  to  be  rotated  about  a  vertical 
or  horizontal  axis,  and  to  move  in  a  vertical  direction.  In 
this  way  we  are  able  to  bring  the  axis  of  the  polarizer  into 
the  same  line  as  the  collimator  axis,  and  to  put  the  spec- 
trometer with  its  axis  perpendicular  to  this  line.  The  rings 
containing  the  mirrors  are,  on  account  of  their  weight,  not 
placed  on  the  spectrometer  table,  but  rest  on  a  bridge 
above  it.  The  rings  can  thus  be  rotated  about  a  vertical  axis 
and  displaced  in  a  horizontal  direction,  by  means  of  two  mov- 
able sledges  at  right  angles  to  each  other.  This  allows  the 
centre  of  the  mirror  to  be  placed  in  the  axis  of  the  incident 
ray,  and  also  permits  of  an  exact  adjustment  of  the  mirror  for 
all  angles  of  incidence.  For  angles  of  incidence  smaller  than 
24°,  the  analyser  is  also  separated  from  the  spectrometer  and 
placed  on  a  cross-piece  which  can  be  moved  relatively  to  the 
circular  platform,  just  as  in  the  case  of  the  polarizer.  As  the 
rotations  to  be  measured  only  amount  to  a  few  minutes  of 
angle,  it  is  absolutely  necessary  that  the  different  parts  should 
be  accurately  adjusted  and  securely  fastened  in  their  proper 
places. 

8.  In  order  to  measure  accurately  the  small  rotations,  the 
Nicol  prisms  are  placed  in  a  parallel  beam  of  light*.  The 
collimator  slit  is  focused  by  a  telescope  situated  behind  the 
analyser.  At  each  point  of  the  image  of  this  slit  we  receive 
in  this  manner  only  those  rays  which  pass  in  the  same  direc- 
tion through  the  Nicol  prisms,  and  which  have  therefore  in 
these  prisms  the  same  plane  of  polarization.  When  the  prisms 
are  crossed,  a  dark  band  is  observed  which  is  displaced  parallel 
to  itself  along  the  image  of  the  slit  on  mo"sdng  the  polarizer  or 
analyser.  If  the  axes  of  the  collimator  and  Nicol  prisms  are 
parallel  to  each  other,  the  band  occupies  the  centre  of  the 
image  of  the  slit  when  the  Nicols  are  crossed.  All  the  rota- 
tions of  the  plane  of  polarization  are  referred  to  this  position 
of  the  dark  band.  In  this  way  we  have  only  to  adjust  the 
position  of  a  dark  band,  instead  of,  as  in  the  older  method, 
estimating  when  the  intensity  of  the  light  is  a  minimum. 
For  convenience  of  adjustment  the  centre  of  the  slit  has  a  fine 
thread  stretched  across  it.  The  band  is  sharply  defined  if  the 
intensity  of  the  light  is  not  too  small.  Further,  the  axes  of 
the  Nicol  prisms  must  coincide  as  nearly  as  possible.  The 
polarizer  is  a  Lippich  prism  with  plane  faces  which  are  in- 

*  Sissingh,  Dissertation,  Leyden,  1885 ;  also  Arch.  NSer.  xx.  p,  178. 
Lippich,  Wien.  Ber.  Ixxxv.  p.  268  (1882). 
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clined  to  each  other  iit  a  small  angle,  viz.  about  1  minute  *. 
The  tube  in  which  the  prism  is  fixed  is  attached  by  means 
of  three  pressure-  and  three  tension-screws  to  the  rim  of 
a  second  tube,  which  is  placed  at  tbe  centre  of  the  graduated 
circle. 

Following  Gauss^  method,  and  observing  the  images  of  tbe 
telescope  spider-lines  reflected  from  the  faces  of  the  prism, 
the  axis  of  the  latter  can  be  set  parallel  to  the  collimator  axis. 
The  error  of  this  setting  was  less  than  1'  of  angle.  The  posi- 
tion of  the  polarizer  is  such  that  its  axis  coincides  with  that 
of  the  incident  ray  of  light.  The  axis  of  the  incident  ray  is 
found  l)y  means  of  a  cap  with  a  fine  hole  through  its  centre 
wliich  fits  over  the  collimator  lens. 

The  analyser  is  a  Nicol  prism  with  its  faces  inclined  to  each 
other.  The  dark  band  was  most  clearly  seen  with  such  a 
prism.  The  condition  for  the  proper  position  of  the  analyser 
was  that  the  ray  of  light  reflected  from  the  face  of  the  Xicol 
should  describe  a  circle  round  the  axis  of  the  incident  ray 
when  the  prism  was  rotated.  The  axis  of  rotation  of  the 
.  analyser  was  also  made  to  coincide  vnih.  that  of  the  ray 
falling  upon  it. 

This  care  in  the  adjustment  of  the  Nicol  prisms  is  abso- 
lutely necessary,  in  order  to  observe  the  dark  band  at  every 
angle  of  incidence,  and  especially  so  if  the  angle  of  incidence 
is  small.  The  new  method  of  observation  puts  us  in  a  posi- 
tion to  determine  small  rotations  with  a  degree  of  accuracy 
hitherto  unattainable  f. 

9.  As  the  zero-  and  minimum- rotations  only  amount  to  a  few 
minutes  of  angle  in  the  case  of  magnetic  equatorial  reflexion, 
and  the  small  circles  of  the  Nicol  prisms  are  divided  in 
degrees  and  have  no  vernier,  these  rotations  were  measured 
^by  a  mirror  and  scale  method.  At  a  distance  of  2'5  metres 
from  the  polarizer  were  placed  a  telesco]ie  and  scale,  the 
former  receiving  the  image  of  the  scale  from  mirrors  attached 
to  the  polarizer.  These  mirrors  were  jilaced  on  the  faces 
of    a    four-sided    hollow    prism   surrounding    the    polarizer- 

*  Lippich,  Wieyi.  Bet:  xci.  p.  1079.  188.5. 

t  Tliis  inothod,  Avhicli  was  ii,<ed  bv  uw  previously  in  the  direct  de- 
tcrmiiiatiou  ol  the  jiriui-ipal  potiitions  of  Nicol  prisms  "iu  which  the  planes 
of  pularizalion  are  parallel  and  perpendicular  to  the  plane  of  incidence,  is 
now  applied  to  the  measurement  of  small  rotations  of  the  plane  of  polari- 
zation by  magnetic  reflexion.  In  this  manner  the  princijial  positions 
are  determined  with  a  far  greater  accuracy  than  in  the  indirect  method 
hitherto  almost  universally  adopted.  Of.  Sissingh,  Dissertation,  p.  2S; 
Arch.  Neer.  xx.  p.  8;  llighi,  Ami.  de  Chim.  ,  t  de  l^hya.  (6)  iv.  pp.  44G, 
4o('.  (188.-))  :  ix.  pp.  127-131  (188(>) ;  x.  p.  L'OS  (1887).     f/ al.^o  §  \x 
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tube.  The  normals  of  the  mirrors  were  nearly  in  the  same 
plane,  and  made  angles  of  nearly  90°  with  each  other*. 
The  polarizer  was  rotated  by  means  of  a  long  arm.  In  the 
analyser  a  similar  arm  is  fixed  to  a  ring  surrounding  the 
analyser-circle  and  capable  of  being  clamped  by  a  screw. 
This  ring  carries  the  mirror  used  in  reading  the  rotations. 
Since  only  one  scale  and  two  telescopes,  placed  near  together, 
were  used  for  these  measurements,  there  was  added,  in  case 
the  angle  of  incidence  was  not  too  great  or  too  small,  an 
auxiliary  mirror,  in  order  to  permit  of  the  analyser-rotations 
being  measured  in  this  manner.  The  scales  were  divided  in 
millimetres,  and  1  minute  of  angle  corresponded  to  1*4  to  1-8 

millim.t 

Fie:.  3. 


The  constancy  of  the  results  obtained  by  this  method  of 
reading  was  also  very  satisfactory  :  it  has  been  used  since  188(). 

10.  In  these  experiments  sunlight  or  electric  light  was 
used.     The  latter  was  furnished  by  a  Siemens  lamp  which 

*  This  arrangement  was  chosen  because  the  polarizer  is  only  nsed  in 
the  positions  in  which  the  plane  of  polarization  is  nearly  parallel  or 
perpendicular  to  the  plane  of  incidence, 

t  In  order  to  reduce  the  scale-readings  to  minutes,  the  readings  are 
talven  with  the  Nicols  adjusted  to  two  consecutive  degrees  on  the  divided 
circle. 


302  R.  Sissingh  on  Kerr's 

could  be  displaced  by  the  observer  in  a  vertical  direction  in 
order  to  bring  the  crater  of  the  positive  pole  ahvays  opposite 
the  slit  of  the  collimator. 

The  mirror-magnet  was  demagnetized  by  alternate  currents 
whose  absolute  mean  value  was  approximately  zero.  By 
inserting  a  resistance  constructed  out  of  electric-light  carbons, 
the  current  could  be  reduced  to  2-3  amperes.  The  ring  was 
then  inserted  in  a  shunt-circuit,  by  which  means  the  strength 
of  the  current  through  it  could  be  reduced  to  0*02  ampere. 
This  arrangement  was  carried  out  by  means  of  a  switchboard, 
and  is  shown  in  fig.  3  with  commutator,  amperemeter,  and 
two  ])lug-s\vitches.  The  key  of  the  commutator  turns  round 
the  point  9  and  connects  together  either  1  and  2  and  G  and  7. 
or  else  1  and  3  and  4  and  5.  The  magnetizing  current  passes 
from  A  to  B,  «  (or  /),  C,  plug  (k,  D,  E,  1,  2,  ring,  3,  6,  7,  8, 

F,  plug  ^3,  G.  If  the  ring  is  in  the  shunt-cnrcuit  the  main 
current  passes  along  A,  B,  /,  C,  plug  Cg,  the  shunt  H,  K,  h, 

G,  M,  N,  1,  2,  ring,  3,  I),  7,  8,  F,  P,  plug  c„  T,  R. 

11.  Test  of  the  Method  of  Observation. — If  the  amplitude  /x, 
and  not  the  phase  m,  of  the  magnetic  component  of  the  light 
alters  its  sign  with  the  direction  of  magnetization,  we  need 
not  determine  the  angle  ^,  but  only  "^  (§§4,  5).  The  deter- 
mination of  the  angle  ^  requires  a  knowledge  of  the  principal 
positions  of  the  Nicol  prisms,  in  which  the  planes  of  polariza- 
tion arc  parallel  or  perpendicular  to  the  plane  of  incidence. 
This  would  always  necessitate  a  demagnetization  of  the  mirror 
on  account  of  permanent  magnetism.  First  of  all  we  shall 
show  that  on  demagnetizing,  as  in  §  10,  the  princi])al  positions 
of  the  Nicol  prisms  are  the  same,  whatever  sign  the  smallest 
magnetizing  current  of  0-02  ampere  may  have.  The  per- 
manent magnetism  therefore  exerts  no  influence  on  the 
reflexion. 

Demajifnotization  by  Currents        '    The  Mirror  demagnetized  afresh, 
in  alternate  directions  of  Alternate  Currents  of 

+  15  amp.  to  +0-02  amp.  +1-")  amp.  to  —0-02  amp. 

Principal  positions  of  the  Principal  positions  of  the 


Polarizer. 

Analyser. 

144-7 

304-0 

143-8 

304-7 

144-0 

303-!) 

145-1 

304-0 

145-0 

305-3 

145-3 

305-1 

1450 

304-5 

145-1 

303-8 

Polarizer. 

Analyser. 

144-0 

304-51 

144-5 

303-3 

1441) 

305-8 

145-2 

304-8 

144-5 

303-9 

144-7 

303-8 

145-4 

304-4 

144-7 

303-8 

144-75    304  4         144-8     304-3 
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The  value  of  a  minute  of  angle  is  1*5G  scale-division  for  the 
polarizer  and  1*6G  for  the  analyser^. 

After  the  first  demagnetization  the  Nicol  prisms  were  left 
in  their  last  })osition.  On  repeating  the  process  of  demag- 
netization, for  the  second  experiment,  it  was  seen  that  the 
dark  band  had  not  changed  its  position.  This,  together  with 
the  agreement  of  the  mean  values  of  the  scale-readings,  proves 
that  the  demagnetization  was  fully  accomplished  by  the  method 
adopted.  The  results  of  a  few  other  sets  of  experiment?  were 
as  follows : — 


Demagnetizing 
Current  to 

Pri  ncipal 

Positions. 

Minimum 

Positions. 

Polarizer. 

Analyser. 

Polarizer. 

Analyser. 

+  002  amp 

144-7.5 

304-4 

-002     „      

144-8 

304-3 

+2-3        ,      

142-5 

.3080 

-2-3      „      

147-3 

300-5 

+002     , 

145-0 

304-5 

These  results  verify  the  above  conclusion.  By  a  demag- 
netization stopping  at  2*3  amperes  the  minimum  rotations  of 
the  polarizer  on  account  of  permanent  magncitism  were  —  2'3 
and  -\-2-'],b,  of  the  analyser  +3*6,  —3*9;  or,  expressed  in 
minutes,  — 1''5  and  l'"6,  +2'-2  and  —  2'-3. 

These  observations  were  made  with  an  angle  of  incidence 
of  51°  22',  because  at  this  angle  the  minimum  rotations  can 
be  observed  with  greater  accuracy  [cf.  §  4) ,  while  the  influence 
of  p(!rmanent  magnetism  is  not  too  small,  its  effect  being  a 
maximum  for  an  angle  of  incidence  of  between  60°  and  70° 
(see  §  16). 

12.  A  second  proof  of  the  full  demagnetization  of  the 
mirror  is  furnished  by  the  agreement  between  the  })riucipal 
positions  of  the  Nicol  prisms  obtained  with  the  demagnetizeel 
mirror  and  with  a  silver  mirror  respectively.  The  two  obser- 
vations must  be  made  immediately  following  each  other.  The 
table  of  the  spectrometer  carrying  the  silver  mirror  comes  in 
the  place  of  the  bridge  above  the  spectrometer  and  carry  in  «• 
the  iron  mirror.  However  great  be  the  care  taken  in  this 
operation  to  keep  the  mirror  in  the  proper  position,  the  ad- 
justment and  centering  of  the  mirror  have  always  to  be  tested, 
and  if  necessary  a  new  adjustment  must  be  made.     In  place 

*  In  the  remainder  of  tlie  paper  these  will  be  denoted  by  I»'=l-oG, 
la' =  1-06. 
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of  the  analyser  we  have  then  the  telescope  of  the  spectro- 
meter. Sometimes  the  polarizer  was  also  removed,  because 
the  deviation  of  the  light,  although  very  small  (1'),  hinders 
the  proper  centering  and  adjustment  of  the  mirror.  It  is 
not  easy  in  those  operations  to  avoid  every  alteration  of  the 
mirrors  used  to  read  off  the  rotations. 

The  observations  gave,  for  the  principal  positions  of  the 
Nicol  prisms : — 


AVitli  DomapTietized  Iron  ]Min-or. 


Polarizer. 

Analyser. 

3.S8-8 

279-9 

387-0 

280-2 

389-4 

281-4 

388-4 


280-5 


With  the  Silver  Mirror. 

Polarizer.  Analyfer. 

388-1  279-2 

388-4  -l&l-l 

388-25  280-7* 


A  second  series  of  ohservations,  in  which  the  scale-readings 
wor(!  not  (|uite  the  same,  gavef: — 


Iron  Mirror  demagnetized. 
Polarizer.  Analyser. 


387-3 
388-0 

387-6 


283-7 
283-3 

283-5 


Silver 

M 

irror. 

*olarizer. 

Analv-^er. 

387-2 

284-6 

387-4 

283-6 

387-2 

283-3 

387-3 


283-8 


Since  in  these  observations  lp'  =  l-33,  la'  =  l-23,  we  may, 
taking  into  consideration  the  difficulties  in  the  ex]ieriment. 
conclude  that  the  principal  positions  of  the  Nicol  prisms  are 
the  same  for  the  silver  mirror  and  the  demagnetized  iron 
mirror. 

13.  Now  that  we  have  established  that  the  demagnetization 
is  complete,  we  may  proceed  to  show  that  the  amplitude  /x  of 
the  magnetic  component  changes  its  sign  with  the  direction 
of  magnetization,  but  that  the  phase  m  is  not  changed  by  this 
means.  From  formula^  (1)  and  (2),  §  3,  and  (4),  §  5,  it  is 
shown  that  this  is  the  case  if  the  minimum-  and  zero-rotations 
for  positive  and  negative  magnetization  differ  from  each  other 
only  in  their  sign  and  not  in  absolute  value. 

For  an  angle  of  incidence  of  51°  22'  the  minimum  rt)tations 
were  determined  both  for  positive  and  negative  magiu'tization 
— that  is  to  say,  after  each  series  of  observations  with  any 
oiven  direction  of  magnetization  a  demagnetization  of  the 
mirror  took  ])lace.  An  exact  determination  of  the  minimum 
rotations,  however,  required  the  collimator-slit  to  be  reduced 
by  a  cross  slit  to  a  very  short  length.     If  this  was  not  done 

*  Each  of  these  numbers  i.''  the  mean  of  8  settings. 

f  As  the  absolute  value  of  the  scale-divisions  does  not  influence  these 
results,  no  notice  was  lalion  of  its  iiltoration. 
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it  was  always  observed,  on  rotating  the  polarizer  or  analyser 
in  order  to  again  obtain  a  minimum  intensity  of  light  in  the 
centre  of  the  field  of  the  analyser  (that  is,  the  centre  of  the 
image  of  the  slit),  after  magnetizing  the  mirror,  that  the 
greatest  minimum  was  not  in  the  centre  of  the  field  but 
somewhat  above  or  below  this  position.  This  minimum  ren- 
dered an  exact  adjustment,  so  that  the  intensity  of  light  was 
least  in  the  centre  of  the  field,  almost  impossible  ;  and  there- 
fore by  means  of  the  cross  slit  only  the  centre  of  the  colli- 
mator-sht  was  left. 

The  minimum  rotations  j>f  and  ^J"  were  determined  for  the 
two  positions  in  which  the  polarizer  was  parallel  and  perpen- 
dicular res})ectively  to  the  plane  of  incidence  ;  and  for  each 
position  of  the  polarizer  the  analyser  was  read  in  two  positions 
180°  apart. 

The  following  series  of  observations  is  given  in  order  to 
show  what  degree  of  accuracy  is  obtained  ;  then  follow  the 
means  from  several  series  of  observations  :  — 

Polarizer  perpendicular  to  the  Plane  of  Incidence. 


Mirror  demajj-netized. 


Polarizer 
)erpendicular 
to  Plane  of 

Analyser 

parallel 

to  Plane  of 

Incideuce. 

Incidence. 

385-5 

281-7 

385-5 

282-1 

386-0 

282-1 

386-0 

283-2 

385-8 

283-3 

385-5 

282-8 

385-7 

282-7 

385-5 

282-6 

Mirror  again  demagnetized. 
Polarizer  Analyser 


perpendicular 

parallel 

to  Plane  of 

to  Plane  of 

Incidence. 

Incidence. 

385-6 

283-0 

386-2 

283-1 

386-8 

283-5 

386-4 

283-7 

386-6 

284-2 

385-7 

282-7 

386-7 

283-7 

385-7 

283-0 

385-7  282-6  386*2 

Mean  of  these  Observations. 


283-3 


i'olarizer  perpendicular  to  Plane  of  Incideuce,  36'5'U. 
Analyser  parallel  to  Plane  of  Incidence,  28;]'0. 


Polarizer  perpendicular  to 

Plane  of  Incidence. 

Minimum  positions  of  the  Analyser 

for  Magnetization 

+ 

278-0  -l^&i 

277-6  288-1 

278-8  288-8 

278-1  289-2 


278-1 


288-6 


Analyser  parallel  to 

Plane  of  Incidence. 

Minimum  positions  of  the  Polarizer 

for  Magnetization 

+ 

382-4  389-6 

381-8  389-4 

381-9  390-4 

382-0  390-1 


382-0 


389-9 
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It  follows  from  these  that 

(/)J"  for  +  magnetization  =    —  1**J, 
-  „  =    +5-tJ, 

+  .,  =    -3-9, 

=    +3-9. 


The  mirror  was  then  demagnetized  again,  and  the  obser- 
vations gave  : — For  polarizer  perpendicular  to  plane  of 
incidence,  SSb'H  ;  analyser  parallel  to  plane  of  incidence, 
283*5.  These  numbers  agree  exactly  with  those  obtained 
above. 

The  mean  values  of  the  rotations  for  positive  and  negative 
magnetization  are  : — 


'  tp                                      '  '.a 

•PTp-        ,j         K- 

Magn. 

+ 

"                 1 
Magn.        Magn.       Magn. 

-      ;.      +           - 

Magn . 

+ 

Magn. 

Magn. 

+ 

Magn. 

+.2 
5-3 

4-7 
+5-2 

-4-2         +30         -4-0 
5-3            3-7            3o 
4-<.)            3-0            37 
JC)             4o     ,        4"o 

-.'••0          +3-9     1    -3  9 

-3  9 
4o 
4-6 
3-4 

-41 

+3-9o 
3  75 
34 
44 

+3-9      1 

-49 
4fi 
5-3 

5-4 

-50 

+5-6 
4-6 
51 
5-0 

+51 

As  the  scale-divisions  were  lp'=+l*30,  lo'= — 1"27,  we 
obtain,  on  reducing  these  minimum  rotations  to  minutes  of 
ancrle: — 


"ftp 

K- 

a"* 

Magn. 

+ 

+40 

Magn. 
-3-8 

j    Magn. 
1       '^' 

Magn. 

j   M:ign. 
+ 

Magn. 

1 

Magn. 

+ 

Magn. 

-31 

+8-1 

-3-2 

-30 

1    +40 

-4-0 

On  looking  over  the  whole  series  of  observations  it  was  seen 
that  the  deviations  from  the  mean  value  amounted  in  each  set 
to  about  Y>  ^t)  that  the  linal  mean  values  will  have  a  slightly 
sreater  accuracv  than  this.     AVithin  the  limits  of  error  the 
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values  of  the  minimum  rotation  agree  for  positive  and  negative 
magnetization.  The  mean  error  in  the  principal  positions  of 
the  Nicol  prisms  in  which  the  planes  of  polarization  are 
parallel  and  perpendicular  respectively  to  the  plane  of  incidence 
has  about  the  same  value.  As  already  previously  indicated  in 
§  8,  this  direct  method  of  determining  the  principal  positions 
gives  far  more  accurate  results  than  the  indirect  methods 
usually  employed  hitherto. 

14.  Since  we  may  obtain  the  amplitude  iju  and  the  phase  m 
of  the  magneto-optic  component  both  from  the  minimum- 
rotations  and  the  zero-rotations,  we  must  now  show  that  the 
results  agree.  For  this  purpose  the  zero-rotations  were  also 
determined  for  an  angle  of  incidence  of  51°  'I'l' ,  because  with 
large  and  small  angles  of  incidence  the  accuracy  of  the 
observations  is  considerably  decreased,  and  the  minimum- 
rotations,  which  are  then  capable  of  being  determined  with 
the  greatest  approach  to  accuracy,  are  still  sufficiently  well 
defined.  As  we  have  already  shown  that  only  the  amplitude  fi 
and  not  the  phase  m  of  the  magnetic  component  of  the  light 
changes  its  sign  with  the  direction  of  magnetization,  we  only 
require  to  measure  the  angle  i|r  between  the  zero-positions  of 
the  Nicol  prisms  for  positive  and  negative  magnetization  (cf. 
§  5).  In  the  following  tables  the  values  of  /a  and  m  are  given 
for  positive  magnetization.     The  observed  rotations  were : — 

2</>?,.  2(^L-  ^p-  ^K- 

-0'-6       -7'-3  -6'-9  -0'-3 


-0'-45     -6'-85  -G'-8  -0'-35 

A  discussion  of  the  different  series  of  observations  shows 
that  the  mean  error  in  these  numbers  is  smaller  than  0'"5. 
From  the  minimum-  and  zero-rotations  the  following  values  of 
fi  and  m  were  obtained  f  : — 


p' 

^l 

%• 

2^?a- 

Mf. 

fr 

m.. 

m,. 

•4 

-6'-8 

-6'-8 

-0'-3 

+0-79x10-3 

+0-81x10-3 

180° -1°    9' 

180° -0°  52' 

•2* 

-6'-6* 

-6' -8* 

-O'-o* 

+0-69#    „ 

+0-78*    „ 

180° -3°  40'* 

180°- 1°  17 '-5* 

n 
P" 

20?*. 

^K- 

'^'PZ' 

•9 

-(V-2 

-G'-8 

8'-0 

0-754    „ 

0-75G     „ 

180° +5°  35' 

180°+7°  21' 

•8» 

-&2* 

-6'-4* 

7'-8 

0-750*  „ 

0-765    „ 

180° +3°  47'* 

180°+0°  37' 

t  The  foruiuUo  (.">)  aud  (4),  §  4  and  §  5,  leave  tlie  sign  of  the  amplitude  /i 
uudetermiued,  aud  the  quadrant  in  wliich  the  phase  7ti  lies  depends  upon 
this.     In  the  table  fi^  and  ni  axe  always  taken  as  positive. 
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In  order  to  determine  the  influence  of  a  small  alteration  in 
tile  observed  quantities  upon  the  calculated  numliers,  the  values 
of  fM  and  m  were  reckoned  for  the  rotations  denoted  by  an 
asterisk  and  chosen  at  random.  Fi'om  the  observations  and 
the  calculated  values,  we  may  conclude  that 

either  for  zero-  or  minimum-rotations,  and  also  that 
fi.  =  fi^,     m.  =  m,. 

Two  of  the  zero-rotations,  <f)9  and  (f>°^,  are  nearly  equal  to 
zero  for  this  angle  of  incidence.  The  light  reflected  from  the 
magnetized  mirror  can  therefore  be  extinguished  by  a  rotation 
of  one  of  the  two  Nicol  prisms.  The  influence  of  the  mag- 
netization is  at  this  angle  of  incidence  almost  equivalent  to  a 
rotation  of  the  plane  of  ijolarization.  The  other  two  zero- 
rotations,  (f)?^  and  (f)^  ,  must  therefore  differ  but  slightly  from 
the  corresponding  minimum-rotations,  which  is  the  case. 

It  is  clear  from  the  tabulated  observations  that,  within  the 
limits  of  error,  the  minimum-  and  zero-rotations  give  the  same 
results.  The  degree  of  accuracy  of  the  amplitudes  /x  reckoned 
from  (j)"^,  and  of  the  i)hases  m  reckoned  from  (f)°,  is  fairly  high. 
The  error  is  not  greater  than  1  per  cent. 

15.  In  the  observations  one  has  to  be  very  careful  that  the 
reflexion  takes  place  exactly  at  the  centre  of  the  mirror,  since 
the  magnetic  spectrum  showed  that  only  in  this  position  are 
the  lines  of  force  parallel  to  the  reflecting  surface.  If  by 
means  of  an  auxiliary  reflector,  inclined  at  an  angle  of  -45°  to 
the  normal  to  the  mirror,  we  allowed  the  light  to  fall  })erpendi- 
cularly  on  the  mirror,  the  magnetization  always  produced  some 
eflect  unless  the  reflexion  took  place  exactly  at  the  centre  of 
the  mirror.  This  can  only  arise  from  the  component  of  mag- 
netization normal  to  the  mirror.  However  small  was  the 
inclination  to  the  mirror  of  the  lines  of  force  outside  its  centre, 
the  sign  of  the  magnetization  could  always  be  determined  by 
the  displacement  of  the  band  in  the  lield  of  the  analyser.  In 
order  to  eliminate  entirely  the  influence  of  a  normal  component 
of  the  magnetization,  the  section  of  the  incident  pencil  of  light 
was  reduced  to  a  few  square  centimetres. 

16.  St/)wpsis  of  liesults.  Comparison  with  Theory. — The 
zero-  and  minimum-rotations  were  determined  for  various 
angles  of  incidence  with  both  mirrors.  These  angles  of 
incitlence  were  so  chosen  that  the  ditt'erence  in  })liase  of  the 
metallic  reflexion  varied  from  one  to  the  next  by  -^  of  a  wave- 
length, except  for  angles  less  than  36°,  when  the  ditfereuces 
were  ^  wave-lengths.  The  angle  of  incidence  61°  30'  was 
chosen  in  order  to  more  accurately  d(.>termine  the  maximum 
value  of  the  amplitude  fx.  The  observed  and  calculated 
quantities  are  collected  in  the  following  Table  : — 
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Tho  numbers  miirked  with  an  asterisk  are  values  chosen,  at 
random,  and  serve  to  show  the  influence  of  a  small  alteration 
in  the  observed  rotations  upon  the  calculated  amplitudes  and 
phases  of  tlu^  maf^iustic  component  of  the  light,  A  fiance  at 
the  Table  will  show  that  tho  mean  error  in  /j,  is  0"03  x  10~^, 
and  in  ?n  about  1°.  For  anoles  of  incidence  smaller  than  51°,  the 
relative  error  in  the  phases  in  obtained  from  the  values  of  <f>"* 
is  great;  while  for  i  =  24:°  or  smaller,  a  small  alteration  in  the 
differences  of  ^^  and  </)™,  or  0,^  and  ^™  alters  the  amplitude 
fjb  very  consideral)ly. 

The  results  obtained  show  that,  within  the  limits  of  experi- 
mental error,  <^;'^°ro_j^»^or«^  .,,^j  ^moro^^moro^     i^  follows 

from  these  relations  that  fJ'-  =  fJ'i  ;  ///-^/h^.  All  previous 
observers  have  found  the  sanu;  result.  We  must,  however, 
have  regard  to  the  assumptions  with  respect  to  signs  made  in 
order  to  completely  sj)ecify  /jl  and  m*. 

In  the  neighbourhood  of  the  angle  of  incidence  i  =  GO°,  the 
zero-rotations  0"  and  (f)"^  are  equal  to  zero.  The  magneti- 
zation then  produces  only  a  rotation  of  the  plane  of  polarization. 
For  an  angh;  of  incidence  of  about  60°  the  minimum-rotations 
are  zero,  ^.  e.  •<f>"p  =  ^Z~^^-  ^^^  reversal  of  sign  of  these 
rotations  can  be  scicn  in  the  Table,  since  at  the  principal  angle 
of  inci(len(;e  J  =  7G°30'*5,  tho  minimum- and  zero-rotations 
an^  e(|ual  to  each  other.  For  this  angle  of  incidence,  there  is  a 
difference  of  i)0°  in  the  retardations  of  phase  of  the  magneto- 
optic  component  and  that  coin])onent  of  the  metallic  reflexion 
which  is  polarized  perpendicularly  to  the  plane  of  incidence. 

If  a  pencil  of  light  ])olar!zed  parallel  to  the  plane  of  inci- 
dence falls  on  a  magnetized  iron  mirror,  the  reflected  light  is 
in  general  ellij)tically  polarized,  but  in  the  neighbourhood  of 
/  =  G()°  it  is  plane-polarized.  If  the  incident  ray  is  polarized 
perpendicularly  to  the  plane  of  incidence,  we  have  at  i=SO° 
the  peculiarity  that  the  axes  of  the  ellipse  which  represent 
the  paths  of  the  ?ether  molecules,  are  parallel  and  perpendi- 
cular respectively  to  the  plane  of  incidence  f. 

*  Riglii  found,  for  example,  that  <^,'"  =-</>)„  5  ^Z  —  ~4''i'p'  By  an 
altoration  of  the  direction  which  we  have  called  the  positive  directiou  of 
rotation  oi!  one  of  the  Nicol  prisms,  we  can  make  the  signs  agree  with 
our  results. 

t  IJiglii,  A)ni.  do  C/iim.  ct  de  F/ij/s.  (G)  x.  pp.  212,  219  (1887)  a.<«umes 
that  the  influence  of  magnetization  consists  in  producing  a  rotation  of  the 
plane  nf  polarization  together  with  ellijitieity  of  the  rellected  light.  For 
an  angle  of  incidence  /=t.iO°,  the  ellipticity  is  zero,  and  for  /=80°  the 
rotation  is  zero.  Kighi  calls  the  tirst  angle  "  incidence  singuliere,"  and 
tlie  second,  tlie  principal  angle  of  incidence  of  magnetized  iron.  From 
the  observations  given  above,  it  is  obvious  tiiat  this  can  only  apply  to  a 
particular  plane  of  polarization  of  the  incident  light. 
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17.  Piof.  H.  A.  Lorentz  has  shown  how  the  Hall  pheno- 
menon loads  to  an  explanation  of  magnetic  reflexion,  if"  we 
assume  that  every  movement  of  electricity  in  a  magnetic  field 
is  accom[)aniccl  by  a  transverse  electromotive  force.  In  this 
theory  it  is  assuuu;d  that  the  constant  of  magnetic  polarization 
is  the  same  for  air  and  iron ;  that  is  to  say,  the  magnetic  iron 
molecules  cannot  direct  themselves  in  accordance  with  the 
rapidly  alternating  magnetic  forces  of  visible  electric  vibrations 
(light).  I  have  put  forward  an  ex[)criniental  proof  of  this, 
inasnnich  as  it  has  been  shown  that  reflexion  from  iron  does 
not  differ  in  the  least  from  reflexion  at  the  surface  of  a 
non-magnetic  metal*.  The  theory  further  considers  the 
behaviour  of  ordinary  electric  currents  and  of  visible  electric 
vibrations  to  be  the  same.  This,  however,  has  not  yet  been 
experimentally  proved.  But  I  have  not  been  able  to  detect 
any  difference  in  the  constants  of  reflexion  of  iron  at  120°  C, 
and  at  ordinary  temperatures,  although  the  fairly  large  in- 
fluence of  temperature  on  electrical  resistance  would  lead  us 
to  expect  such  a  result  according  to  this  theory  f. 

It  is,  however,  very  important  to  compare  the  results  of 
observation  with  theory.  In  this  way  we  obtain  experimental 
indications  of  the  behaviour  of  visible  electric  vibrations  in 
metals  |. 

If  we  have  regard  to  the  difference  between  the  positive 
direction  of  vibration,  which  we  have  assumed  in  order  to 
completely  specify  the  phase-differences,  and  that  which  is 
derived  from  theoretical  investigations,  we  find  from  the 
electromagnetic  theory  of  magnetic  reflexion  §  that 

cr^sina         27r     ,„ 

m.  =  w^  =  dT-(o-  ^--2Sj-S^-(8,_5j)_ 

a  is  the  angle  of  incidence,  a,  p,  t,  w  are  auxiliary  (puin- 

*  Sissingh,  Diasertation,  p.  129;  also  Arch.  Neer.  xx.  p.  21-3  (1886). 
t  Sissingh,  Inc.  cit.  p.  133  ;  he.  cif.  p.  21o  (188()). 
_  X  Sissino-h,  he.  cit.  p.  130;  he.  cit.  p.  218   (1880).     Kundt  has  ques- 
tioned the  accuracy  of  the  above  conclusion.     It  is,  however,  borne  out 
by  the  small   intiuence  of  temperature  which  l)u  JJois  tbuiui  in  the  case 
of  normal  polar  magnetic  retle.\.ion  ( Wied.  Ann.  xxxix.  p.  ;>o,  18i)0). 

§  II.  A.  Lorentz,  Vevsl.  en  Medal,  der  Aead.  Am^ferdum,  Ixeeks  2, 
Deel  xix.  (1883);  van  Logheni,  Theorie  der  tenu/kaat.'^imi  van  het  Liehf 
door  mayneten,  Leydeu,  1883,  Dissertation  ;  also  Beibl.  viii.  p.  609 
(1884).  ^ 

Z  2 


312  R.  Sissingh  on  Kerr's 

titles  from  tho  theory  of  metallic  reflexion*.     The  remaining 
quantities  are  determined  by  the  equations  : — 

5.  7wsin(r  +  &)) 

tan  Oj  — 


l-\-m  cos  {j-\-(t>y 

,       »  ??isin  (t  +  <w) 

tan  62=  — If— -, — , — c, 

—  1  +  w  cos  (t  +  a>) 

5,  m  sin  (t  +  w) 

tan  64=7 — ^, — ---  - — r. 

tan"  a.  -\- 111  cos  (r  +  w) 

y/j  =  1  +  "i'  +  2;u  cos  (r  +  w), 

p|= tan*  a  +  ?h-  +  2  tan^a  .  ?n  cos  (r  +  w), 

cos  a 

From  these  formula   (jl  and  i7i  have   been   calculated  for 
diflferent  angles  of  incidence.     The  theoretical  value  of  the 

amplitude  contains  the  factor    ,„  e^IiN,   in  which  N  is  the 

magnetic  force,  T  the  time  of  oscillation  of  the  electrical 
wave-motion  (the  incident  light- wave),  ej  is  the  constant  of 
dielectric  polarization  of  air,  and  A  is  the  magnitude  of  the 
Hall  transverse  electromotive  force.  This  latter  is  equal  to 
/iN  times  the  component  of  the  electric  current  by  which  it  is 
produced,  in  consequence  ot  the  magnetic  force  N.  On 
account  of  tho  unknown  quantity  ej,  this  factor,  which  in  the 
remainder  of  the  paper  Ave  shall  call  A,  cannot  be  calculated. 
Therefore,  instead  of  the  theoretical  amplitudi's,  oidy  nunibi-rs 
])roportional  to  them  have  been  calculated.  In  the  following 
Table  only  the  means  of  /x.  and  fif,  »<.  and  m^  are  given,  since 
we  have  already  shown  (§  16)  that  these  quantities  are  equal 
to  each  other  within  the  limits  of  error. 


*  ('/.  §  in. 

t  A  discussion  of  tho  theoretical  cousideratious  will  <rive  the  signs  of 
the  quantities  involved  in  these  fornuihc  and  the  quadrants  to  which  t, 
u,  iiud  the  various  8's  belong.  Ct'.  Vcrhundil.  Acai.  Amsterdam^  Deel 
xxviii.  (1890). 
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Equatorial  Magnetization  per  unit  voliime  =  1400  C.G.S. 

units. 


Mirror  T.  J  =  77°  23'-5  ;  H  =  2G°  34'. 
„    II.  J=7G°  30'-5  ;  H=2G°  44'. 


Yellow  lidit. 


Mirror. 

Angle  of 
Incidence. 

Amplitude  of 

the  Magnetic 

Component  of 

Light. 

Obs.  Am  pi. 
Calc.  Am  pi. 

^    A    • 

Phase  of  the  Mag- 
netic Component 
of  Light. 

Observed 

—Calculated 

Phase. 

Calc. 
XA. 

Obs. 
XlO-^- 

Calc. 

Obs. 

180° 

180° 

II. 

8(3     0 

0-226 

0-284 

1-26 

-54  16  5 

+29  26 

+83  42-5 

II. 

82  30 

0-358 

0-530 

1-48 

-62  22 

+24  22 

+86  44 

II. 

7G  30-5 

0-493 

0-715 

1-45 

-69  51-5 

+  14  49 

+84  40-5 

II. 

71  52 

0-548 

0-815 

1-48 

-73  44-5 

+  10    3 

+83  47-5 

I. 

61  30 

0-598 

0-820 

1-37 

-81  36-5 

+  1  49 

+83  35-5 

II. 

51  22 

0-545 

0-760 

1-39 

-85  55 

-  1     0 

+86  55 

II. 

36  10 

0-426 

0-630 

1-48 

-90    1-5 

-  5  51 

+84  49 

II.      1 

24  lG-5 

0-266 

0-430 

1-62 

-91  56 

IL      i 

12    0 

0-152 

0-2(i0 

1-69 

-93    2-5 

II. 

6    0 

0-074 

0-125 

1-69 

-93    1-5 

Since  in  the  factor  A,  Hall's  constant  li  for  iron  is  positive, 
and  since  this  depends  upon  the  choice  of  the  system  of 
coordinates,  and  the  positive  directions  of  the  maonetic  force 
N  in  these  observations  and  in  the  theory  of  magnetic  re- 
flexion are  opposite  to  each  other,  the  signs  of  the  calculated 
and  observed  amplitudes  do  not  agree  with  each  other,  be- 
cause they  are  both  referred  to  positive  magnetization.  The 
sign  of  the  amplitude  of  a  wave-motion  can,  however,  be 
changed  by  making  the  phase  18U°  large  or  smaller.  In  the 
rest  of  the  paper  th<?  phases  have  been  so  changed  in  order  to 
give  the  amplitudes  the  proper  signs.  The  ditferences  given 
in  the  last  column  will  then  be  180°  greater  or  smaller. 

The  observations  showed  that  /i.  =  /.t^ ;  m^=-my.  This  rela- 
tion follows  also  from  theory.  As  we  can  only  write  down 
})roportional  values  for  the  theoretical  am[)litudes,  the  observed 
and  calculated  amplitudes  agree  with  each  other  within  the 
limits  of  experimental  error.  But  there  is  a  constant  ditfer- 
ence  between  the  observed  and  calculated  phases.  The  devia- 
tions from   the  mean  value  lie   within    the    limits    of  error. 
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Perlmps  tin's  (lifFerenco  of  nearly  '.K»°  ])oints  to  a  difference  in 
the  Ix'liaviour  of  ordinaiy  electric  currents  and  the  periodic 
motions  of  the  electric  theory  of  lif^ht.  As  we  have  already 
seen,  this  can  he  shown  hy  other  methods  *. 

18.  Kerr,  who  discovered  the  influence  of  magnetization  on 
reflexion  at  the  surface  of  iron,  gives  only  the  sign,  and  not 
the  magnitude,  of  nn'nimum-rotations.  His  results  agree  with 
my  ohscrvations.  In  his  case,  too,  there  was  a  cliange  of 
sign  at  an  angle  slightly  greater  than  the  ])rinci[)al  angle  of 
incidence.  Kerr  found  a  maxinmm  of  the  minimutn-rotation  in 
the  neigh l)onrhood  of  (50*^.  In  my  observations  the  maxinunn 
am})litude  of  the  magnetic  component  of  the  light  was  reached 
between  60°  and  7(P,  but  the  maxima  of  rotation  and  ampli- 
tude do  not  coincide.  It  is  worthy  of  note  that  Kerr  has  also 
used  the  motion  of  the  dark  band  in  the  field  of  the  analyser 
as  the  most  accurate  means  of  adjustment.  A^'ith  respect  to 
the  phase  of  the  magneto-optic  com})onent,  Kerr  mentions 
that  it  approximates  more  nearly  to  zero  than  to  90°  in  the 
case  of  angles  of  incidence  less  than  the  principal  angle. 
According  to  my  observations,  this  is  the  case  for  every  angle 
ofincidence  for  which  the  ])hase  can  be  accurately  determineil. 

The  signs  and  magnitudes  of  tiie  minimum-rotations  of  the 
analyser  given  by  Kundt  f  agree  Avith  mine,  with  the  excep- 
tion of  some  slight  differences  of  magnitude. 

Kighi's  investigation  |  appeared  in  the  year  1887,  after  I 
had  connnenced  these  measurements.  I  have  calculated  the 
am])litudes  and  phases  of  the  magnetic  comjtonent  of  the 
light  from  the  numerous  angles  of  incidence  given  by  liighi 
(Table  o])posite).  THe  })rincipal  angle  of  incidence  and 
azimuth  were  assumed  the  same  as  that  for  my  mirror  No.  II. 

Where  two  values  of  /u-  and  m  are  given  for  the  same  angle 
of  incidence,  the  first  values  are  calculated  from  the  mininunn- 
and  the  second  from  the  zero-rotations.  We  cannot  conclude 
from  th<>se  observations  that  the  observed  and  calculated 
am])litud(^s  are  proportional  to  each  other,  much  less  that  the 
difference  between  the  calculated  and  observed  phases  is 
constant.  The  rotations  must  be  measured  with  greater 
accuracy  l)efore  we  can  draw  the  conclusion.  To  reach  this 
degree  of  accuracy  it  is  absolutely  necessary  to  test  the 
method  of  observation.  The  influence  of  errors  of  observa- 
tion masks  these  relations.     Since  liiglii  did  not  calculate  any 

*  Altli(ni}>-li  the  tlicoiy  of  niagiiclic  reflexion  which  Fitz-reralil  lias 
given  really  a]i]ilies  only  It)  transpniint  media,  yet  the  amplitudes  reckoued 
h'oni  it  ur(>  also  jiroporlional  lo  the  obstTved  values. 

t  Kundt,  AN'itd.  Ann.  xxiii.  p.  1'44  (1884). 

\  IW'^hi,  Aim.  dc  Chim.  et  de  2'hi/s.  (0)  x.  p.  200  (1887). 
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ampHtudos  or  pha«os  he  attaches  more  weight  to  the  rotations 
theins(;lves,  jind  dcitcniiiiies  fully  the  changes  of  sign.  More- 
over, the  principal  angle  of  incidence  of  magnetized  iron  and 
the  singular  angle  of  incidence  are  introduced.  These  hold 
good,  as  we  have  already  seen  in  §  16,  only  for  one  particular 
plane  of  polarizatioii  of  the  incident  light. 

19.  The  observations  recorded  in  this  paper  furnish  an 
accurate  representation  of  magnetic  reflexion,  which,  on  com- 
parison with  theory,  assumes  a  simple  form.  In  order  to 
demonstrate  this  clearly,  I  have  given  a  table  of  the  constant 
quantities,  and  the  relations  between  these  and  the  observed 
quantities,  which  suffice  to  fully  determine  metallic  and 
mairnotic  reflexion. 


Ordinary  Metallic  Reflexion. 

Jamin's  Constants : — 

J=Principal  Angle  of  Incidence. 
H  =  Priiicipal  Azimuth. 


Magnetic  Reflexion. 
Constants  of  Equatorial  Reflexion  : 


e:=l-5xl0' 


S=85°*. 


Quantities  used  in  presenting  the  Theories : — 


4>=Difference  of  phase  between  the 
light  polarized  parallel  and  and 
perpendicular  to  the  plane  of  inci- 
dence. 

/=:Ain])litude  of  the  reflected  com- 
ponent, ])olari7,ed  parallel  to  the 
plane  of  incidence. 

Z!=:Aniplitucle  of  the  reflected  com- 
ponent, polarized  perpendicularly 
to  the  plane  of  incidence. 
Cauchy's  F(jrmulaE  for  calculating  the 
ratios  of  am])litudes  and  tlie  dif- 
ferences of  phase  for  an  angle  of 
incidence  a : — 

1  *  =  sin  (r-f  o))  tan  1 2  arc  tan  J-"i*_  \  . 
L  ap  cos  a  J 

cos  \  2  arc  tan  4-  \ 


=  cos(r+'<')  sin   \  2  arc  tan 


sm  « 


ap  cos 


A = Phase  of  the  magnetic  component 
of  the  light. 

/x= Amplitude  of  the  magnetic  com- 
ponent of  the  light. 


Formula  for  calculating  the  ampli- 
tude, the  form  of  which  is  borrowed 
from  theory : — 


Mi=;« 


G. 


PPx'Pi  cos-"  a 
Formula  for  calculating  the  difference 
of  phase :  — 

A  =  A,-1-S. 


*  e  is  the  ratio  of  the  observed  to  tlu^  calculated  amplitude,  and  S  is  tlio 
constant  ditl'crence  between  the  observed  and  aUoulated  phases. 
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Auxiliary  Quantities  determined    by 
J  and  H  :— 

Auxiliary   Quantities  determined   by        Auxiliary    Quantities    determined  bv 
J.  H.  «  :—  J,  II,  a  :— 


p,  (It  t. 
Observed   Quantities : — 

$      =  Azimuth  of  the  polarization 
produced. 


^1,  0,,  ^4.  Vv  Pi  X' 

Observed  Quantities :  — 

m(o)  m{u)  m(fi)  m(o) 

^ip  ^la  ^Ip  ^la 

Relations  between  the  observed  and 
calculated  values: — See  §§  4,  5. 


(T  and  T  are  determined  by 
2II=r  +  w;   -cos2J=^"^'"~'"^V,     p=tanJ 


cos  2H 


t  p  and  (!)  are  determined  by 
cot  2w  = 


-cot  2t 


p~  sm  zu)  = 


sin^  a  sin  2r 


sin-  a  sin  2r 
J  The  formula  for  calculating  these  values  are  given  in  §  17. 

20.  Althouoh  the  relations  of  the  amplitude  and  phase  to 
the  angle  of  incidence  are  determined  by  the  above  observa- 
tions, further  investigation  is  necessary  to  ascertain  the  cause 
of  the  very  marked  dispersion  first  found  by  Righi,  and 
which  I  also  confirmed  during  my  observations*.  Further, 
the  theory  just  enunciated  gives  a  simple  relation  between 
the  amplitudes  of  the  magnetic  components  of  the  light  on 
polar  and  equatorial  reflexion,  so  that  it  can  be  further  verified 
by  this  means. 

This  research  was  carried  out  in  the  Physical  Laboratory 
of  the  University  of  Leyden.  I  have  to  thank  the  Director, 
Prof.  H.  Kamerlingh  Onnes,  most  heartily  for  the  interest 
which  he  showed  during  its  progress,  and  for  the  many 
acessories  which  were  placed  at  my  disposal. 


XXXV.  On  the  Change  in  the  Ahsoj'ptton-Spectrum  of  Cobalt 
Glass  produced  by  Heat.  By  Sir  JoHX  Conroy,  Bt.,  M.A ., 
Fellow  and  Bedford  Lecturer  of  Balliol  College,  and  Millard 
Lecturer  of  Trinity  College,  Oxford  f. 

SIE,  David   Brewster   made   some    experiments   on    the 
influence  of  heat  on  the  absorbing  ])ower   of  coloured 
media,   and  states  in  his  'Treatise  on  Optics'  (edit.    185o, 

*  It  is  remarkable  that  the  dark  band  in  the  analyser  never  showed  the 
least  trace  of  colour, 
t    Conimuuicated  by  the  Physical  Society :  read  February  13,  1891. 
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p.  174j  tliat  lie  "  avus  surprised  to  oLsorvo  that  it  produced 
op])osite  effects  upon  different  <iliisses,  diniinishin<;  the  ah- 
sorbin<>;  ])0\ver  in  some,  and  increasing  it  in  otliers."  He 
found  that  tlie  transparency  of  a  jiieee  of  ])urple  ^lass  was 
much  increased  on  lieating,  ^vllilst  tliat  of  a  yellowish-green 
glass  and  of  a  red  glass  was  diminished  ;  tlie  ])urp]e  glass 
recovered  its  colour  on  cooling,  the  other  two  did  not  do  so 
completely. 

Feussner  {Foriscliriite  cler  PJiyslk^  1867,  p.  237)  made 
some  observations  on  the  effect  of  heat  on  the  absorption- 
sjx'ctra  of  substances  in  solution. 

^"^o  observations  on  the  effect  of  heat  on  the  transparency 
of  solid  substances  for  rays  of  different  refrangibilities  except 
those  of  Sir  David  Bi-evvster  appear  to  have  been  published, 
although,  of  course,  the  change  of  colour  which  borax  blow- 
])ipe-]jea(ls  containing  certain  metallic  oxides  undergo  on 
cooling. is  well  known.  1  therefore  venture  to  conununicate 
to  the  Physical  Society  some  determinations  which  1  have 
recently  made  on  the  changes  produced  by  heat  in  the 
absorption-spectrum  of  cobalt  glass. 

The  absorption-sj)ectra  of  coloured  glasses  are  not,  as  a  rule, 
very  characteristic,  and  merely  show  a  continuous  absoi'jttion 
extemling  through  a  considerable  portion  of  the  spectrum. 
Cobalt  glass,  however,  as  is  well-known,  has  a  characteristic 
absorption-s})ectrum  consisting  of  three  dark  bands,  in  the 
red,  yellow,  and  green,  with  a  considerable  amount  of  absorp- 
tion between  the  first  two  ;  so  that  with  a  rather  deeply 
coloured  glass  the  transmitted  light  consists  merely  of  the 
extreme  red^  some  yellowish-green,  and  the  blue  and  violet 
rays. 

A  small  piece  of  this  glass  was  heated  by  means  of  a 
medium-sized  Bunsen  (15  millim.  tube),  the  glass  being 
supported  on,  and  nearly  surrounded  by,  combustion-furnace 
tiles.  It  was  found  that  in  tliis  way  the  glass  could  be  heated 
till  the  edges  began  to  solten  and  were  visibly  red,  without 
much  risk  of  its  cracking  either  whil.-t  being  heated  or  during 
its  subsequent  cooling.  An  ordinary  gas-jet  was  used  as  the 
source  of  light,  and  the  light  transnn'tted  by  the  glass 
examined  with  a  s})ectroscope  ;  a  small  direct-vision  one 
being  used,  as  it  was  foimd  that  the  changes  in  the  spec- 
trum were  less  distinctly  seen  with  a  spectroscope  of  greater 
dispersive  pow(>r. 

The  absorption-sp(H'tru]n  of  the  coUl  glass  is  represented  in 
fig.  1,  which  is  drawn  to  an  arbitral y  scale,  and  not  to  one  of 
wave-lengths.  On  gradually  heating  the  glass,  the  absorption 
between  the  two  first  dark  bands,  those  in  the  red  and  yellow, 
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(liiiiiiiislies.  The  Land  in  tlio  red  moves  towards  tlio  least 
refranoiljlo  end  of  the  spectrum,  Avliil.st  those  in  the  yehow 
and  oi-een  retain  their  ])osition,  but  hecome  less  distinct. 
Fig.  2  rc])resent.s  the  spectrum  oC  the  hot  glass. 


Fi. 


Fig.  2. 


As  the  glass  is  heated  the  intensity  of  its  colour  decreases  ; 
as  it  cools  it  recovers  its  original  colour,  and  the  absorption- 
spectrum  changes  back  into  t^iat  represented  by  fig.  1. 

The  ])osition  of  the  bands  was  measured,  and  the  table 
gives  the  results,  reduced  to  a  scale  of  wave-lengths. 


Cold  Glass. 

Hot  Glass. 

Dr.  Ku 

ssell's  Values. 

Band      I.  1 

700 

712 
655 

665 
632 

Band    11. 1 

608 
580 

608 
583 

605 

Band  III.  ( 

565 
indistinct 

558 
indistinct 

555 

Dr.  AV.  J.  Itussoll,  in  a  ]«iper  on  the  "Absorption  Spectra 
of  Cobalt  Salts"  (Froc.  Hoy.  Soc.  xxxii.  p.  258)  gives  a  map 
of  the  si)eclrum  of  cobalt  glass  drawn  to  a  scale  of  wave- 
lengths. The  position  of  the  bands,  as  shown  in  Dr.  RusseiFs 
map,  is  given  in  the  third  column  of  the  above  table. 

The  agreement  between  the  values  obtained  with  the  cobalt 
glass  when  cold  and  those  from  Dr.  llussell's  map,  exce]tt 
for  the  least  refrangible  edge  of  the  first  band,  arc  as  close  as, 
perhaps,  could  well  he  expected,  considei'ing  the  small  dis- 
persion of  the  spectroscope  used  for  the  measurements,  and 
the  difficulty  of  determining  the  exact  position  of  an  absorp- 
tion band.  There  is  considerable  difference  with  regard 
to  the  position  of  the  least  refrangible  edge  of  band  1  ;  that 
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the  position  assigned  to  it  for  the  particular  sample  of  glass 
used  in  these  experiments  is,  at  least,  a])proximately  correct, 
is  shoAvn  by  the  fact  that  the  red  lithium  line  of  wave-length 
(!70  lies  within  the  band,  Ijoth  when  the  glass  is  cold  and 
Avhen  it  is  hot. 

These  observations  and  those  of  Feussner  show  that  the 
absorption-spectra  of  some  suljstances  vary  with  the  tempera- 
ture, as  indeed  might  have  been  anticipated  from  the  behaviour 
of  the  })lowpipe-beads  already  referred  to.  In  the  case  of 
solutions  this  may  be  due  to  the  formation  of  ditferent  hy- 
drates, or  to  the  j)artial  dissociation  of  the  substances  ;  but 
in  the  ease  of  a  solid  substance,  like  cobalt  glass,  an  actual 
change  in  the  chemical  constitution  of  the  glass  at  a  tempe- 
rature considerably  below  its  fusing-point  does  not  seem  very 
probable,  although  the  well-known  effects  to  light  in  causing 
glass  which  has  been  decolorized  with  manganese  dioxide  to 
become  purple  seems  to  show  that  such  a  change  is  not  im- 
possible. 


XXXVI.   On  AUotropic  Silver.    By  M.  Carey  Lea  *. 

Part  II. — Relations  of  AUotropic  Silver  ivith  Silver  as  it  exists 
in  Silver  Compounds. 

THE  first  part  of  this  pa]ier  was  devoted  to  the  examination 
of  one  of  the  well-marked  forms  of  allotropic  silver — the 
gold-coloured.  The  blue  form  in  its  soluble  and  insoluble 
varieties  will  be  more  particularly  described  in  a  future  paper. 
The  subject  at  present  to  be  considered  is  the  relation  existing 
between  the  allotropic  forms  of  silver  taken  generally  and 
silver  as  it  exists  in  its  compounds  and  more  especially  in  the 
silver  haloids. 

It  is  a  well  established  law  that  when  a  substance  is  capable 
of  existing  in  two  forms,  of  which  one  is  a  })olymer  of  the 
other,  the  polymeric  form  possesses  greater  density  and  less 
chemical  activity.  Combination  is  usually  accompanied  with 
loss  of  activity,  and  the  polymerization  of  a  body  consists  in  its 
combination  with  itself.  When  a  substance  is  capable  of  exist- 
ing in  two  allotropic  forms  and  of  being  converted  from  the 
one  to  the  oth(>r  bv  jiressure,  the  body  resulting  from  pressure 
is  always  the  more  dense  of  the  two  and  is  a  ]>olymer  of  the 
first f.     In  the  case  of  allotropic  silver  these  laws  appear  to 

•  From  an  advanoo  proof  coninmnicatod  by  tlio  Autlior. 
t  8oc  examination  by  Spring  of  the  eHoct  i>t'  pressure,  Ber.  D.  Ch.  Ges. 
xvi.  p.  J00i>,  1003. 
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be  verified.  I  have  shown  elsewliere  that  gold-coloured  silver 
has  a  specific  gravity  of  8*5,  whilst  that  of  normal  silver  is 
10*5  to  10*6.  The  greater  chemical  activity  of  the  gold- 
coloured  form  is  demonstrated  by  its  greater  affinity  for 
oxygen,  sulphur,  and  the  halogens.  Also  it  is  consj)icuous 
by  the  remarkable  facility  with  which  it  passes  from  the  one 
state  to  the  other.  Spring,  in  the  examinations  above  referred 
to,  used  pressures  of  many  thousands  of  atmospheres.  Allo- 
tropic silver  is  changed  readily  to  normal  by  the  mere  pressure 
of  the  finger  or  by  a  temperature  of  100°  C. 

One  form  of  allotropic  silver  has  the  property  of  solubility 
in  water.  The  solution  of  a  solid  in  a  liquid  is  often  accom- 
panied by  change  to  a  more  simple  molecular  structure. 
Hitherto  the  only  solvent  known  for  a  metal  has  been  another 
metal,  and  the  behaviour  of  metals  when  so  dissolved  has  been 
the  subject  of  late  yenrs  of  very  interesting  examinations  by 
several  chemists.  Ramsay*  examined  the  lowering  of  the 
vapour-pressure  of  mercury  by  other  metals  dissolved  in  it. 
Heycock  and  Neville  examined  the  fall  in  the  freezing-|)oint 
of  metals,  more  especially  of  tin,  caused  by  the  solution  in  it 
of  other  metals  f.  Both  of  these  investigations  led  directly  to 
the  conclusion  that  in  the  case  of  a  dilute  solution  of  one  metal 
in  another,  the  dissolved  metal  existed  in  the  atomic  form,  (in 
each  case  a  few  metals  gave  exceptional  results,  but  silver  was 
not  amongst  these.)  Tammann^s  investigations  on  the  alloys 
of  mercury  led  to  precisely  similar  general  deductions.  Great 
weight  attaches  to  conclusions  supported  in  these  several  ways. 

The  fact  that  a  metal  in  dissolving  in  another  metal  appears 
to  assume  the  atomic  form  affords  no  positive  ])roof  that  it  does 
the  same  in  dissolving  in  water.  In  fact  the  solution  of  a 
metal  in  water  is  something  so  new  that  we  have  little  ground 
for  argument  by  comparison.  So  far,  however,  as  the  above 
mentioned  analogy  may  be  considered  to  go,  it  rather  tends  to 
the  view  that  the  solubihty  of  silver  may  be  due  to  its  having 
assumed  a  very  simjde  and  jx'rhaps  an  atomic  form.  It  may 
be  said  therefore  that  all  considerations  tend  to  show  that  the 
allotropic  forms  of  silver  taken  as  a  whole  have  a  more  simple 
molecular  nature  than  what  I  have  described  as  the  inter- 
mediate form,  and  that  this  again  is  more  simply  constituted 
than  ordinary  silver. 

In  the  present  case  we  have  toconsider  three  distinct  forms, 
(1)  allotropic,  (2)  intermediate,  (H)  ordinary  silver.  We  notice 
that  (1)  can  with  the   utmost  facility  and  jn  several  ways  be 

*  Roy.  Soc.  Trans.  1889,  p.  521 ;  also  "NN'iedeiiiaun,  livf irate,  1889,  p.  'J9J. 
t  Journ.  Chem.  Soc.  1890,  p.  370 ;  'Nature,'  Jan.  1891,  p.  :?02. 
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converted  into  (2)  and  (3)  and  tluit  (2)  can  always  be  converted 
into  (3),  but  that  these  transformatums  can  hij  no  possibility 
he  reversed.  To  convert  ordinary  silver  into  allotropic  we 
must  as  a  first  step  dissolve  it  in  an  acid  :  that  is,  convert  it 
from  a  polymerized  to  an  atomic  form,  and  only  from  this 
atomic  I'orm  can  allotropic  silver  Ijo  obtained. 

Bearing  this  capital  f'a(,'t  in  mind  and  considering  the  respec- 
tive properties  exhibited  by  the  three  forms  of  silver,  it  may 
be  allowable  to  adof)t  as  a  working  hypothesis  the  view  that 
they  may  represent  the  three  possihle  molecular  forms  of 
silver,  vi/.  atomic,  molecvlar,  and  polymerized. 

As  silver  in  its  compounds  and  in  its  saline  solutions  exists 
in  the  atomic  form,  it  is  easily  conceivable  that  when  it  sepa- 
rates from  such  solutions  by  reduction,  the  atoms  may  or  may 
not  unite  to  molecules.  Usually  elementary  atoms  do  so  unite, 
but  the  phenomena  of  nascent  action  indicate  that  this  union 
does  not  take  place  at  the  instant  of  separation,  and  it  is  at 
least  conceivable  that  under  particular  circumstances  this  union 
may  be  prevented.  In  some  cases  no  such  union  takes  place. 
At  least  four  metals  exist  in  the  form  of  vapour  in  the  atomic 
state.  Whether  this  state  continues  after  condensation  we  do 
not  know,  but  there  is  no  impossibility  but  what  such  may  be 
the  case.  Similarly  allotropic  silver  may  represent  an  atomic 
form  :  if  this  were  so,  it  should  exhibit  more  active  athnities 
for  oxygen  and  the  halogens  than  the  ordinary  form.  Also 
it  should  readily  j)ass  into  the  ordinary  form.  And  these 
properties  are  undoubtedly  exhibited  by  allotropic  silver. 

There  is  no  branch  of  chemical  statics  in  which  our  know- 
ledge is  so  defective  as  it  is  in  relation  to  the  molecular  con- 
stitution of  solids  and  more  es[)ecially  of  the  metals.  AH  that 
can  be  said  is  that  in  metals,  as  we  ordinarily  know  them,  this 
constitution  is  ))robably  very  complex,  the  molecules  containing 
many  atoms.  When  substances  assume  a  variety  of  forms  dif- 
fering iVom  each  so  nuieli  as  do  the  forms  of  silver,  we  must 
either  adojjt  a  theory  of  the  character  now  suggested  or  else 
we  must  su])j)ose  that  the  ditlerent  forms  are  diti'erently  polv- 
merized.  To  decide  which  is  most  probable  of  these  two  views, 
it  is  best  to  examine  as  to  whether  an  analogy  can  be  traced 
between  these  allotropic  forms  of  silver  and  silver  where  it  is 
known  to  exist  in  an  atomic  form,  namely,  in  the  compounds. 
For  this  comparison  the  silver  haloids  (anil  chietly  silver 
chloride)  will  l)e  taken. 
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Action  of  Forms  of  Energrj  on  Silver  TIalolds.     Parallellsia 
^vlth  Allotropic  Silver. 

It  is  a  laniiliar  fact  that  certain  forms  of  energy,  light 
especially,  affect  the  silver  haloids.  In  view  of  what  has  been 
already  said  as  to  the  action  of  all  forms  of  energy  on  allotropic 
silver,  it  seemed  desirable  to  make  a  general  examination  as  to 
their  action  on  the  silver  haloids  and  thns  to  determine  how 
far  a  parallelism  could  be  traced. 

It  is  to  he  observed  that  the  action  of  different  forms  of 
energy  on  the  silver  haloids  is  apt  to  be  partial  :  the  influence 
seems  to  be  antagonized  by  opposing  and  almost  equally 
matched  forces.  Thus  in  the  case  of  light,  its  tendency  to 
condense  the  atoms  of  silver  to  molecules  is  largely  counter- 
acted by  the  strong  affinity  of  chlorine  for  atomic  silver.  The 
action  of  high-tension  electricity,  as  will  presently  be  seen,  is 
similar  to  that  of  light  in  that  it  jtroduces  a  visible  effect.  In 
the  case  of  heat  and  of  contact  action  on  these  silver  haloids,  it 
will  be  shown  that  there  is  at  first  a  mere  indication  of  effect, 
invisible  to  the  eye,  but  readily  brought  out  by  the  action  of  a 
reducing  agent,  as  described  below.  The  action  of  each  form 
of  energy  seems  to  be  almost  counteracted  by  op})osing  affi- 
nities. But  in  every  case  action  does  take  place  and  alwat/s  in 
a  direction  corref<ponding  to  the  action  of  that  form  of  energy 
upon  allotropic  silver. 

High-tension  electricity,  it  is  well  known,  impresses  sensitive 
films  of  silver  haloids,  which  on  development  exhibit  remark- 
able ramifications.  When  electric  sparks  are  passed  throuoli 
paper  on  which  a  coating  of  silver  chloride  has  been  made, 
the  ])oint  of  passage  of  each  spark  is  marked  by  a  minute  tircle 
of  violet  colour  indicating  a  visible  cliange,  probably  to  a  sub- 
chloride. 

Mechanical  force. — More  than  twenty  years  ago  I  noticed 
that  by  a  slight  pressure,  an  invisible  effect,  capable  of 
development,  coidd  be  impressed  on  silver  iodide.  Lines 
drawn  with  a  glass  rod  or  any  other  hard,  neutral  substance 
were  reproduced.  An  embossed  card  pressed  gently  on  the 
film,  gave  an  image  of  all  its  details  on  development.  These 
experiments  were  extensively  repeated  by  others  with  con- 
cordant results. 

I  have  recently  repeated  them  with  silver  bromide  with 
similar  effect. 

Heat. — To  determine  the  effect  of  heat  on  silver  bromide, 
pieces  of  bromide  pa[)er  were  placed  in  a  desiccator  (of  course 
using  inactive  light)  and  heated  to  the  extent  indicated.  For 
each  piece  so  heated,  a  corresponding  piece  cut  from  beside 
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it  in  the  same  sheet  was  preserved,  and  these  two  pieces,  that 
heated  (after  complete  cooling)  and  that  not  heated,  were 
placed  side  by  side  in  an  oxalate  developer.  Comparison 
between  these  developments  indicated  the  effect  of  the  heat. 
The  following  results  were  obtained  : — 

A  piece  kept  for  'A  minutes  at  145°  C  was  strongly  affected 
and  blackened  quickly  in  the  developer,  the  companion  piece 
remaining  white. 

A  piece  kept  for  15  minutes  at  a  temperature  commencing 
at  131°  C.  and  ending  at  136°  was  still  more  thoroughly 
affected  than  the  foregoing,  the  longer  exposure  more  than 
making  up  for  the  lower  temperature.  Companion  piece 
remained  white. 

A  piece  kept  for  8  minutes  at  a  temperature  107°  to  108° 
was  distinctly  but  not  strongly  affected.  Companion  piece 
as  before. 

A  piece  kept  for  17  minutes  at  a  temperature  of  100°  to 
102°  was  almost  unaffected.  A  long  and  careful  development 
brought  out  a  faint  difference  between  the  piece  so  heated 
and  its  companion  piece. 

It  was  found  that  to  obtain  accuracy  in  determinations 
such  as  these,  the  paper  must  rest  on  a  glass,  and  not  a  metal, 
shelf  in  the  desiccator,  as  the  metal  shelf  is  always  hotter  than 
the  air  by  which  the  thermometer  is  affected.  In  using  a 
metal  shelf,  if  the  ])aper  curled  by  reason  of  the  heat,  the  part 
that  rested  on  the  shelf  de^■eloped  darker  than  that  which  was 
simply  acted  on  by  the  air.  By  substituting  a  glass  shelf 
this  diff'erence  of  etfect  disappeared. 

The  result  of  the  foregoing  and  other  experiments  was  that 
the  effect  of  heat  on  AgBr  commences  at  about  100°  C,  that 
up  to  108°  it  is  still  slight  and  acts  slowly,  but  that  at  120° 
to  126°  a  strong  action  commences,  which  further  increases 
as  the  temperature  is  raised.  The  analogy  with  allotropic 
silver  is  well  marked. 

It  may  at  first  seem  strange  that  a  temperature  of  100°  C. 
should  produce  a  permanent  change  in  a  substance  which  will 
bear  a  high  heat  without  decomposition,  but  the  explanation 
lies  in  the  presence  of  water  in  the  former  case.  AViien  silver 
bromide  is  formed  in  paper  and  dried  in  the  air,  it  still  retains 
moisture.  Even  at  100^  C.  this  moisture  is  not  driven  off. 
A  silver  haloid  requires  to  be  heated  to  a  temperature  between 
130°  and  140°  for  several  honrs  before  it  ceases  to  lose 
weight.  Therefore  in  all  the  foregoing  cases  moisture  must 
have  been  ])resent. 

It  remains  to  be  shown  that  hy  a  sutKcienlly  long  exposure 
to  a  moderate  heat  in  the  presence  of  moisture,  a  visible 
decomposition  results. 


Allotropic  Silver.  325 

For  this  purpose  silver  chloride  was  precipitated  with  an 
excess  of  hydrocliloric  acid,  after  thorough  washing  was 
placed  in  a  glass  tube  of  about  a  centimetre  in  internal 
diameter  and  half  a  metre  long,  and  was  sealed  up  with  a 
blast  lamp.  During  all  these  operations  the  chloride  was 
thoroughly  protected  from  light.  Five  of  six  centimetres 
cube  of  pure  water  was  first  added  to  the  chloride.  It  was 
intended  to  exclude  completely  or  almost  completely  the 
effect  of  pressure  and  to  act  on  the  chloride  as  far  as  possible 
by  heat  only,  and  for  this  reason  a  longer  tube  was  used  and 
one  end  only  was  immersed  in  the  chloride-of-calcium  bath, 
the  other  end  remained  cold  throughout  the  operation. 

The  silver  chloride  formed  itself  into  a  compact  plug  and 
was  forced  hj  the  steam  which  generated  below  it  up  to 
the  middle  of  the  tube.  This  effect,  though  not  intended, 
answered  very  well,  as  the  chloride  was  kept  constantly  under 
the  influence  of  steam  at  about  100°.  It  soon  began  to 
darken  and  at  the  end  of  three  or  four  hours  all  the  lower 
part  was  violet-brown,  the  upper  part  grey,  the  change  taldng 
place  entirely  through  the  mass.  Some  thin  smears  of  silver 
chloride  on  the  lower  inside  part  of  the  tube  were  completely 
blackened. 

On  opening  the  tube  next  day  there  was  no  escape  of  gas. 
The  water  sealed  up  with  the  silver  chloride  had  acquired  a 
faint  but  distinct  alkaline  reaction,  showing  that  enough  alkali 
had  been  dissolved  from  the  glass  to  overcome  any  acidity 
arising  from  decomposition  of  the  chloride.  The  water  con- 
tained traces  of  alkaline  chloride. 

A  similar  examination  was  made  with  silver  bromide  pre- 
cipitated with  excess  of  hydrobromic  acid  and  thoroughly 
washed  with  distilled  water.  The  action  of  diffuse  light  on 
silver  bromide  is  very  different  from  that  on  silver  chloride. 
A  portion  of  that  prepared  as  above  mentioned  changed 
in  diffuse  light  very  quickly  from  yellow  to  greenish  yellow, 
but  after  that  first  change  the  alteration  was  extremely  slow 
and  in  an  hour  had  only  reached  to  a  dirty  greenish  grey. 
The  action  of  direct  sunlight  was  quite  different  :  fifteen 
minutes'  exposure  changed  the  greenish  grey  to  dark  chocolate- 
brown. 

In  the  tube  the  silver  bromide  did  not  form  a  plug  like  the 
chloride,  but  separated  into  balls  which  remained  in  the  bottom 
of  the  tube.  By  keeping  the  chloride-of-calcium  bath  con- 
siderably above  100°  C,  the  water  in  the  tube  was  kept 
actively  boiling  :  it  condensed  in  tlu^  upper  part  of  the  tube 
and  returned.  Six  hours  of  this  treatment  only  brought  the 
bromide  to  the  same  greenish  colour  which  it  would  have 
acquired  by  a  few  minutes'  exposure  to  diffuse  light. 

PklL  May.  S.  ,■>.  Vol.  61.  No.  iUl.  April  1891.  2  A 


326  Mr.  M.  Cnrry  Lea  on 

The  conclusion  to  be  drawn  as  respects  both  the  silver 
haloids  is  that  they  under<;o  actual  decomposition  by  the 
action  of  moist  heat,  but  that  this  effect  is  much  more  marked 
in  the  case  of  chloride  than  that  of  bromide  *. 

Chemical  action. — Dilute  sul|)huric  acid  quickly  changes 
allotropic  silver  to  normal,  and  therefore  if  the  parallelism 
which  I  have  indicated  really  exists,  marks  made  on  bromide 
paper  with  dilute  sulphuric  acid  should  be  capable  of  develop- 
ment. 

The  experiment  was  made  by  drawing  characters  on  silver 
bromide  with  a  glass  rod  dip})ed  into  sulphuric  acid  diluted 
with  twice  its  bulk  of  water.  After  allowing  the  acid  to 
remain  in  contact  for  two  or  three  minutes,  the  paper  was 
immersed  in  running  water  and  was  washed  for  an  hour  or 
two. 

On  applying  the  oxalate  developer  nothing  appeared. 
Feeling  confident  that  some  effect  must  bo  produced,  the  exjjcri- 
ment  was  repeated  several  times  and  the  results  were  closely 
examined.  On  one  specimen  it  was  found  that  the  characters 
had  appeared,  but  reversed — that  is,  hghter  than  the  ground, 
which  had  darkened  by  the  development  being  pushed.  This 
at  once  gave  a  clue  :  it  showed  that  traces  of  the  acid  adhered 
too  strongly  to  be  removed  by  washing,  and  by  locally 
checking  the  development  interfered  with  the  reaction. 
Accordingly,  next  time,  after  a  very  short  washing,  the  paper 
was  innnersod  in  water  to  which  a  trace  of  ammonia  had  l)een 
added,  and  after  ten  or  fifteen  minutes'  action  the  anunonia 
was  thoroughly  washed  out.  The  result  was  striking  :  as  soon 
as  the  developer  was  applied,  the  characters  which  had  been 
traced  with  acid  came  out  strongly  as  brown  marks  on  a  wliite 
surface. 

Gold  sulphuric  acid,  even  undiluted,  is  generally  held  to 
have  no  action  on  silver  haloids,  but  it  is  well-known  that  the 
hot  strong  acid  decomposes  them.  The  foregoing  experiments 
leave  no  doubt  that  the  cold  dilute  acid  produces  an  initial 
effect  invisible  to  the  eye  but  revealed  by  greater  tendency  to 
give  way  under  the  action  of  a  reducing  agent.  This  action 
of  the  acid  comes  therefore  exactly  into  line  with  that  of  light 
and  heat.  In  all  three  cases  an  effect  is  produced  inapi)re- 
ciablo  until  a  reducing  agent  is  applied.  But  in  all  three  cases 
the  agent  which  produced  this  invisible  effect  is  capable,  by 

*  Light  and  heat  act  differeutly  on  silvor  chloride.  Heat  cannot 
decompose  it  in  tlie  absence  of  moisture,  but  liirht  can.  This  was  proved 
by  an  investigation  made  by  the  writer  iu  1880,  in  which  it  wjis  shown 
that  fused  silver  cliloride  poured  into  p  -iroleuiu  and  exposed  after  cooling 
to  the  sun's  ravs  was  instantly  blackened. 
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cuiitinued  action  under  favourable  conditions,  of  brinoin;;- 
about  a  visiljle  change  Avithout  the  aid  of  a  reducing  agent. 

Light. — The  silver  lialoids  in  their  sensitiveness  to  light 
show  an  important  relationshi])  to  that  of  allotro[)ic  silver. 
When,  for  example,  silver  chloride  precipitated  with  an  excess 
of  hydrochloric  acid  is  exposed  to  light,  the  darkened  product 
contains  apparently  no  metallic  silver*  (it  is  })robable  that  the 
trace  of  silver  given  up  to  nitric  acid  may  arise  from  the  de- 
composition of  a  very  small  quantity  of  subchloridej.  How- 
ever this  may  be,  the  subchloride,  and  not  metallic  silver,  is  the 
essential  product. 

This  has  always  seemed  a  very  enigmatical  result.  Two 
combinations  of  silver  and  chlorine  exist — the  one  ver\'  stable, 
capable  of  fusion  without  decomposition ;  the  other  so  unstable 
that  it  can  hardly  exist  isolated,  and  yet  the  stable  compound 
is  rapidly  broken  up  by  hght,  even  by  a  weak  diffuse  light, 
whilst  the  unsta])le  compound  resists  many  days'  exposure  to 
the  strongest  sunlight. 

In  examining  the  action  of  light  upon  allotropic  silver  (see 
Part  I.),  an  ecjually  remarkable  effect  was  described.  Although 
all  the  other  forms  of  energy  applied  readily  and  quickly  con- 
vert allotro})ic  to  ordinary  silver,  light  (at  ordinary  tempera- 
tures) fails  to  effect  this  change  even  by  exposures  lasting  for 
several  months.  If  we  conceive  that  the  atomic  form  of  silver 
which  exists  in  AgCl  corresponds  to  the  allotropic  form,  and 
that  the  more  condensed  form  of  subchloride  corresponds  to 
the  '*  intermediate  form,''  we  shall  obtain  a  reasonable  expla- 
nation of  the  action  of  light. 

The  inability  of  light  to  carry  the  change  which  it  produces 
in  allotropic  silver  beyond  the  "  intermediate  form  •"  exactly 
corresponds  to  its  inability  to  carry  the  decomposition  of  silver 
chloride  further  than  to  subchloride  or  rather  to  photochloride. 
(It  is  understood  that  the  silver  chloride  here  s})oken  of  is  that 
which  is  formed  by  precipitation  with  excess  of  hydrochloric 
acid.)  This  explanation  appears  to  remove  a  real  difficulty, 
and  at  the  same  time  establishes  a  })erfect  parallelism  between 
that  action  and  the  action  of  light  on  allotropic  silver. 

Although  the  foregoing  study  of  the  silver  haloids  was 
made  for  the  j)urpose  of  fixing  the  relations  which  exist  be- 
tween them  and  allotropic  silver,  the  results  nevertheless  have 

*  In  some  (unpublished)  experiments  made  some  years  ago  to  test  this 
]ioint,  I  found  that  silver  chloride  exposed  for  several  days  to  strong  sun- 
light under  water,  with  frequent  stirriu;j:  up,  and  subsequent  washing, 
yielded  only  a  trace  of  silver  to  strong  cold  nitric  acid  after  a  contact  of 
an  hour. 

L'  A  ■> 
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much  interest  in  relation  to  the  haloids  themselves  and  place 
their  nature  in  a  somewhat  new  light.  For  it  is  shown  that 
these  haloids,  though  substances  in  some  respects  of"  very  great 
stability,  have  their  equilibrium  so  balanced  as  to  respond  to 
the  slightest  influence,  not  merely  of  light,  but  of  any  form 
of  energy,  not  receiving  a  momentary  but  a  permanent  im- 
pression which,  though  so  sHght  as  to  be  invisible,  still  greatly 
increases  the  tendency  of  the  molecule  to  fall  to  pieces  under 
the  action  of  a  reducing  agent.  Further,  four  of  these  forms 
of  energy,  light,  heat,  electricity,  and  chemical  action,  when 
more  strongly  applied,  totally  disrupt  the  molecule.  One  form 
of  energy,  mechanical  force,  though  capable  of  producing  the 
invisible  effect,  makes  an  apparent  exception  in  respect  of  this 
ability  to  disrupt.  This  matter  is  now  under  examination,  and 
it  will  probably  be  shown  hereafter  that  the  analogies  are 
complete  and  without  exception. 

The  same  comijleteness  holds  with  rerard  to  the  analogies 
which  form  a  principal  subject  of  this  paper,  namely,  those 
existing  between  allotropic  silver  and  the  metal  as  it  exists  in 
the  salts  of  silver.  No  other  salts  but  those  of  silver  show 
this  wonderfully  balanced  equilibrium,  sensitive  to  all  forms  of 
energy.  But  allotropic  silver  also  shows  an  almost  exactly 
similar  capacity  to  respond  to  the  influence  of  energy  in  aU 
its  manfestations  by  undergoing  changes  of  a  like  character. 

The  inferences  to  be  drawn  from  the  foregoing  seem  to  be 
as  follows.  That  silver  may  exist  in  three  forms  :  1st.  Allo- 
tropic silver  which  is  protean  in  its  nature  ;  may  be  soluble  or 
insoluble  in  w^ater,  may  be  yellow,  red,  blue,  or  green,  or  may 
have  almost  any  colour,  but  in  all  its  insoluble  varieties  always 
exhibits  ])lasticity,  that  is,  if  brushed  in  a  pasty  state  upon  a 
smooth  surface  its  particles  dry  in  optical  contact  and  with 
brilliant  metallic  lustre.  It  is  chemically  active.  'h\^.  The 
intermediate  form,  wliieli  may  be  yellow  or  green,  always 
shows  metallic  lustre,  but  is  never  plastic  and  is  almost  as 
indift'erent  chemically  as  white  silver.  3rd.  Ordinary  silver. . . . 
Furth(>r,  that  allotropic  silver  can  always  be  converted,  either 
into  the  intermediate  form,  or  ilirectly  into  ordinary  silver  ; 
that  the  intermediate  form  can  always  be  converted  into 
ortlinary  silver,  but  that  these  processes  can  never  be  reversed, 
so  that  to  pass  from  ordinary  silver  to  allotropic  it  must  first 
be  rendered  atomic  by  combination,  and  then  be  brought  back 
to  the  metallic  form  under  conditions  which  check  the  atoms 
in  uniting.  That  allotro|)ic  silver  is  affected  by  all  forms  of 
energy,  and  that  this  effect  is  always  in  one  direction,  namely, 
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towards  condensation.  That  the  silver  haloids  are  similarly- 
affected  by  the  same  ao-oncies.  That  a  remarkable  parallelism 
is  noticeable  between  the  two  actions,  especially  if  we  take 
into  account  that  in  the  haloids  the  influence  of  energy  is  to 
some  extent  restrained  by  the  strong  affinity  which  the 
halogens  show  for  atomic  silver.  There  is  therefore  reason- 
able ground  to  suppose  that  in  the  silver  haloids  silver  may 
exist  in  the  allotropic  form. 
Philadelphia,  February  1891. 

XXXVII.  On  Coefficients  of  Induction.  By  A.  Andekson, 
M.A.,  Professor  of  Natural  Philosophy  in  Queen  s  College, 
Galioay.* 

^  rriHE  following  method  of  measuring  the  coefficient  of 
J-  self-induction  of  a  coil  is  somewhat  similar  to  that  of 
Maxwell  ('Electricity  and  Magnetism,'  vol.  ii.  art.  778),  in- 
asmuch as  a  condenser  is  employed.  But  it  is  not  a  null 
method  ;  and,  although  not  absolutely  necessary  for  rough 
determinations,  it  is  desirable  to  use  a  ballistic  galvanometer 
on  account  of  the  ease  with  which  the  throws  of  the  needle 
can  be  observed,  and  because  less  adjustments  and  observa- 
tions have  to  be  made. 

In  fig.  1,  E  is  the  coil  whose  inductance  is  to  be  found. 


One  polo  of  the  condenser  F  is  joined  to  D,  and  the  other  to 
a  mercury-cup  /•.      Gi  and  G-g  are  mercury-cups  forming  the 

*  Communicated  by  the  Author. 
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terminals  of  the  galvanometer,  and  p,  <j,  and  .«  are  mercury- 
cups  connected  respectively  witli  A.  ( ',  and  B.  A  rocking- 
key  can  simultaneously  connect  G,  with  p  and  G2  with  ij,  or 
Gj  with  r  and  Gg  with  s,  the  galvanometer  being  in  the 
former  case  in  the  branch  AC'  and  in  the  latter  in  BD,  in 
series  with  the  condenser.  The  branches  AB  AD  are  equal 
inductionless  resistances,  and  DC,  which  is  also  inductionless, 
is  adjusted  till  as  jx-rfect  a  balance  as  possible  is  obtained. 
When  the  battery-circuit  is  made  or  broken,  the  galva- 
nometer being  in  the  branch  A(',  there  is  a  throw  of  the 
needle  due  to  the  passage  through  this  branch  of  a  quantitv 

of  electricity  equal  to  LI   ,    )    ,  where  L  denotes  the  coefficient 

\d.v/x=o 
of  self-induction  of  E,  and  c  the  current  in  the  galvanometer, 
when  an  additional  resistance  x  is  put  in  the  branch   BC. 
The  current  c  is  equal  to  Ebx/A,  E  being  the  E.M.F.  of  the 
battery,  and  A  the  determinant 

«  +  2R  +  .f,     -U-.r,  -R 

-R-,r,        A  +  G  +  R  +  .r.      -G 
-R,  -G,  A  +  G  +  R 

in  which  a  is  the  resistance  of  the  battery,  R  of  the  coil,  and 
G  of  the  galvanameter.     Since 

we  easily  find 

/dc\ Eh 

V/.v.'A^o ~  (?>  +  2G  +  R) [« (/>'+R)T2zrRl' 

and  therefore  the  quantity  of  electricity  is 

LE// 

(/>+-2a  +  li)[a(f>  +  R)  +  2hRy 

If,  by  means  of  the  rocking-key,  the  galvanometer  be  })ut 
in  BD,  and  the  battery-circuit  made  or  broken  as  before,  a 
quantity  of  electricity  will  pass  through  the  galvanometer 
equal  to  K(Vi  — V2),  where  K  is  the  capacity  of  the  condenser 
and  Vj  — Vg  the  final  difference  of  ]>otential  between  the 
points  B  and  D.  If  the  ca})acity  K  be  adjusted  till  the 
throw  of  th(^  needle  is  the  same  as  before,  we  have 
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wLicli  reduces  to 

L  =  2KR(Z;  +  2G  +  R), 


since 


2hn  \        2?>Il 


E. 


It  may  not  be  possible,  with  given  values  of  h,  R,  and  G, 
and  a  given  condenser,  to  make  the  throws  the  same.  R 
may,  however,  be  increased  or  diminished  by  the  introduction 
of  an  inductionless  resistance  in  series  or  in  parallel  with  it, 
and  the  same  is  true  for  h  and  G,  A  slight  change  in  the 
formula  will  then  he  necessary.  If,  in  this  way,  we  find  two 
nearly  equal  values  of  K  for  one  of  which  the  throw  of  the 
needle  is  oreater  and  for  the  other  less  than  that  of  the 
former  throw,  the  correct  value  of  K  may  be  found  by  pro- 
portional parts.  But  a  much  better  method  is  to  use  a 
ballistic  galvanometer,  in  which  case  no  adjustment  of  resist- 
ances beyond  that  of  getting  a  perfect  balance  is  required. 
The  two  angles  of  throw  a  and  a'  are  simply  observed,  and 
the  coefficient  of  self-induction  is  given  by  the  formula 

L  =  2KR(?>  +  2G  +  R)  sin  5  sin^'. 

The  following  determination  of  the  self-induction  of  a  coil 
may  be  giv(m  as  an  example.  The  coil  was  a  circular  coil  of 
mean  radius  20*9  centim.  wound  in  a  rectangular  groove  of 
breadth  1*894  centim.  and  depth  1'116  centim.,  and  having 
278  turns.  The  galvanometer  was  an  ordinary  reflecting 
galvanometer  with  a  resistance  of  164*8  ohms,  the  controlling 
magnet  being  placed  so  as  to  make  the  sensibility  as  great, 
and  the  time  of  swing  as  long,  as  possible.  An  inductionless 
resistance  of  100  ohms  was  put  in  series  with  the  coil,  and  the 
resistances  of  the  branches  AB  and  AD  were  each  10  ohms. 
A  balance  was  roughly  obtained  by  making  the  branch  CD 
150  ohms,  and,  in  the  absence  of  better  means,  an  almost 
perfect  balance  by  adding  to  CD  a  wire  whose  resistance 
was  subsequently  found  to  be  '.51  ohm.  The  resistance  of  the 
branch  CD  or  CB  was  therefore  150*51  ohms.  The  following 
numbers  are  the  means  of  several  readings  which  agreed 
very  well  together  : — 
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43*208  scale-divisions. 


:4(;-1l>5 


Kick  of  needle  due  to  self-in-~) 

(luction  of  coil  .  .  .  .  j 
Kick   due   to    charge  or  dis- 1 

charge  of  condenser,  capa-  J* 

city  '5  microfarad  .  .  .} 
Kick  for  capacity  of  '45  micro-  )  _4^i  .07^ 

farad )  ~  '      "  " 

The  capacity  which  would  give  a  kick  of  43*208  is  found 
from  these  numbers  to  be  "4657  microfarad.  The  coefficient 
of  self-induction,  when  reduced  to  absolute  measure,  is 
therefore 

10^  X  -9314  X  150-51  x  489-7  =  -06865  x  10^ 

or,  in  practical  measure,  -06865  henry. 

2.  The  method  can  easily  be  adapted  to  determine  the 
coefficient  of  mutual  induction  of  the  coil  E  and  another  coil 
H,  a  slightly  more  complicated  key  being  used.  There  are 
two   additional  mercury-cups  ??i,  n   (fig.   2)   which  are    the 


terminals  of  the  coil  H,  and  the  cups  Gj  Gg,  the  galva- 
nometer terminals,  are  lengthened  into  equal  portions  of  a 
circular  groove,  so  that  the  rocker,  when  turned  round  as  far 
as  ])ossiblo  to  the  left,  will  connect  Gj  with  j^  and  Go  with 
(j ;  and,  when  turned  to  the  right,  G,  with  m  and  Go  with  n. 
In  its  mitldle  ])osition  it  can  connect  G,  with  r  and  G2  with 
s.  With  such  a  l\jey,  a  ballistic  galvanometer  of  known 
resistance,  and  a  condenser,  we  can  without  difficulty  deter- 
mine both  the  coefficient  of  self-induction  of  E,  and  the 
coefficient  of  mutual  induction  of  E  and  H.     Let  the  rocker 
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be  placed  so  as  to  bring  the  coil  H  into  circuit  with  the 
oalvanometer.  When  the  battery-circuit  is  completed  or 
broken,  after  a  balance  has  been  obtained  as  before,  the 
quantity  of  electricity  which  flows  through  the  galvanometer 

M(Vi-V2)/2R(.  +  a), 

r  being  the  resistance  of  the  coil  H,  which  must  be  pre\aously 
determined,  and  M  the  coefficient  of  mutual  induction.  If 
«"  denote  the  angle  of  throw  in  this  case,  a,  a',  and  K  signi- 
fying the  same  as  before,  and  the  latter  not  being  altered,  we 
have 

a!'  ai 

M=2KR(r+Gr)  sin -^   /sin^, 

and 

M/L  =  (r  +  G)sin^'/  (6  +  2G  +  R)sin|. 

Of  course  we  may,  in  this  case  also,  employ  an  ordinary  high- 
resistance  galvanometer,  but  with  somewhat  more  trouljle  and 
perhaps  less  accuracy. 

In  the  following  determination  of  a  coefficient  of  mutual 
induction,  although  the  galvanometer  used  was  not  ballistic, 
the  throws  of  the  needle  are  assumed  to  be,  although  they  are 
not,  proportional  to  the  quantities  of  electricity  passing 
through  the  galvanometer-coils.  The  resistance  of  the  coil  E 
was  1'003  ohm,  that  of  H  157' 7  ohms,  and  that  of  the 
galvanometer  164*8  ohms.  The  throws  a"  and  ai  were 
respectively  72  and  5  scale-divisions,  and  K,  the  capacity  of 
the  condenser,  was  1  microfarad. 

Hence 

M  =  10'  X  2-006  X  332-5  x  14-4  centim. 

=  9315864  centim. 

=  -0093  henry. 

3.  Null  Method  of  measuring  the  Coefficient  of  Self- 
induction  of  a  Coil. 

In  the  method  given  in  Maxwell  (art.  778,  vol.  ii.)  the  cur- 
rent through  the  galvanometer  at  any  moment  is  zero,  but 
the  double  adjustment  which  is  necessary  is  inconvenient. 
Two  methods  are  given  by  Mr.  Rimington  in  the  '  Philo- 
sophical Magazine  '  for  July  1887  ;  but  this  condition  is  not 
fulHlled,  and  Mr.  Rimington  shows  this  for  one  of  his  methods. 
Prof.  Niven's  methods,  given  in  the  '  Philosophical  Magazine ' 
for  September  1887,  do  not  differ  greatly  from  those  given 
by  Mr.  llimington. 
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The  following  method,  which  is  but  a  slight  modification  of 
Maxwell's,  does  away  with  much  of  its  impracticability. 

In  Maxwell's  method  the  armatures  of  the  condenser  are 
connected  to  A  and  B  (fig.  3),  and  8  is  the  coil  whose  coeffi- 
cient of  self-induction  is  to  be  found.     The  only  difference  in 


the  method  now  given  is  that  an  adjustable  resistance  r  is 
placed  between  B  and  N.  Suppose  ;i  l)alance  has  been  ob- 
tained so  that  no  permanent  current  tlows  through  the  galva- 
nometer. This  l)alauce  will  not  be  disturbed  by  changing  /'. 
Let  X  be  the  whole  quantity  of  electricity  which  has  passed 
through  AB  at  the  time  t,  z  the  whole  quantity  which  has 
passed  through  AM,  and  y  that  through  AD.  Then,  if  K  be 
the  capacity  of  the  condenser,  and  if  we  sujipose  the  potential 
of  N  to  be  always  equal  to  that  of  D,  we  have 


^  dt      K^ 


dz 
df 


z 
K 

dz 

'"di 

,  ^Cdx      dz\ 

=4'+' 

d'y 
'dP^ 

\\m\,  th 

ere 

fore, 

(' 

•+Q) 

,11  +  PVK  ^    . 

L  dz 
RKdl' 

Hence 

we 

have 

the  conditions 

PS, 

and 

'•+Q+S 

r        L 
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The  first  is  the  condition  for  no  permanent  current ;  and 
the  second,  which  is  the  condition  for  no  instantaneous 
current,  gives  the  formula 

L  =  K{r(R  +  S)  +  RQ}. 

If  we  make  r=  0,  we  get  Maxwell's  formula.  The  practical 
method  immediately  suggested  by  the  above  expression  for  L 
is  to  obtain  a  permanent  balance  in  the  ordinary  way,  and 
then  to  adjust  r  and,  if  possible,  K  till  there  is  no  motion  of 
the  galvanometer-needle.  Or  if,  as  in  Maxwell's  method, 
values  of  P,  Q,  R  have  been  obtained,  so  that  there  is  only  a 
small  throw  of  the  needle  when  the  battery-circuit  is  made  or 
broken,  the  final  adjustment  may  be  quickly  and  accuratelv 
made  by  introducing  an  adjustable  resistance  ;■,  and  in  doing 
this  a  telephone  may  be  employed  instead  of  the  galvanometer. 
It  is  clear  that,  if  we  do  this,  R  and  Q  must  be  such  that 
KRQ<L. 

However,  we  may  make  the  rough  adjustment,  having  first 
placed  a  small  resistance  between  N  and  B,  and  subsequently 
adjust  this  till  there  is  no  kick  of  the  galvanometer-needle 
or  no  sound  in  the  telephone. 

In  order  to  find  the  relative  values  of  the  various  resist- 
ances which  will  make  the  sensitiveness  of  the  final  adjust- 
luent  greatest,  we  will  calculate  the  quantity  of  electricitv 
Y  which  passes  through  the  galvanometer  on  making  or 
breaking  the  battery -circuit  after  the  adjustment  for  no 
permanent  current  has  been  made. 

Fisr.  4. 


Consider  the  system  of  conductors  in  fig.  4  as  made  up 
of  the  circuits  DAB,  DBC,  MAD(J,  ami  the  condenser-circuit 
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NAB,  and  let  the  currents  round  these  circuits  be  denoted 
respectively  by  x,  z,  y,  and  u.  Then,  if  B  be  the  resistance 
of  llio  battery,  Gr  of  the  galvanometer,  L  the  coefficient  of 
self-induction  of  the  coil  in  the  branch  DC",  X  that  of  the 
galvanometer-coil,  K  the  capacity  of  the  condenser  and  u  its 
charge,  we  have,  employing  the  same  notation  as  that  used  in 
Prof.  Niven's  paper 

T=kL{y-zr  +  iX(x-z)\ 

Y  =  ^F{x-\-uY  +  r{x+u-zy-vQz'  +  R{y-zy' 

+  Q{x-zy  +  S(y-'zy  +  -Bf}, 
H=w^/2K. 

Hence,  if  x,  y,  z  denote  the  total  transient  flow  round  the 
respective  circuits  during  the  time  of  setting  up  or  destroy- 
ing the  permanent  state  at  make  or  break  of  the  batter}'- 
circuit,  and  Xq,  yo,  Zq  the  steady  values  of  the  currents,  we 
easily  find  : — 

(R  +  S  +  B)?/-E.r-Sc=  -L{yo-Zo)  -X(a-o-o2) ; 

{r  +  G).i'  +  %-(r+  Q  +  G+  S>=  -  L(7/o-0o)-X(.ro-0o)-K/'P.v-o: 

(r  +  r-{-n  +  G)a;~ny-(r  +  G)z=-K'P(P  +  r)Xo. 

Writing  for  Xq,  /3,  for  yo—Zo,  «,  and  for  w—z,  q,  and 
observing  that  Xq—Zq  and  that  PS  =  QR,  we  find  without 
difficulty 

-  5/SPjPQ  +  r(P-t-Q}     PLa 

"i'    P(Q  +  S)+(P  +  Q)(r  +  G)    • 

Thus,  when  q  —  O, 

L=^K(PQ  +  KP  +  Q)), 

=  ^K(PQ  +  r(P-HQ)), 

=  K(1{Q  +  ''(P  +  S)), 

which  is  the  same  equation  as  before. 

To  (>stimate  the  sensitiveness  of  the  final  adjustment,  we 
will  calculate  the  ratio  of  the  small  change  produced  in  q  to 
the  small  change  made  in  r  when  y  =  0. 
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Differentiating   the    aljove    expression   for  y,  and    making 
7  =  0,  we  have 

K^P(P  +  Q)__ 
U=o     P(Q  +  S)+lP  +  Q)(r  +  G)- 

If  we  substitute  for  /3  its  value  in  terms  of  E,  the  electro- 
motive force  of  the  battery  and  the  resistances,  we  find 

EK 


f-0       = 


['  +  KfH+sTe)][Q+«+0  +  p)("+«'] 


It  seems  therefore  advantageous  to  make  B,  and  P  both 
large,  and  Q  and  r  both  small.  Hence  the  very  easy  practical 
method  suggested  by  the  formula  might  not  be  so  sensitive  as 
to  obtain  first  an  approximate  adjustment,  and  then  to  make 
the  final  adjustment  by  varying  r. 

The  following  example  of  the  measurement  of  the  coeffi- 
cient of  self-induction  of  a  coil  by  this  method  may  be  given. 
The  resistance  Q  being  10  ohms,  and  P  100  ohms,  there  was  a 
permanent  balance  when  R  was  made  1577  ohms,  so  that  S, 
the  resistance  of  the  coil,  was  157*7  ohms,     A  condenser  of 

I  microfarad  capacity  was  then  placed  between  A  and  N  and 
the  resistance  r  adjusted  till  there  was  no  kick  of  the  galva- 
nometer-needle. This  value  of  r  was  found  to  be  59  ohms, 
though  the  sensitiveness  was,  doubtless,  not  as  oreat  as  mioht 
have  been  obtained.     Substituting  these  values,  we  have 

L  =  103  X  (15770  +  59  X  1734-7)  centim. 

=  •118  henry. 

Th(^  same  method  was  also  employed  to  find  the  coefficient 
of  self-induction  of  the  coil  described  in  (1)  of  resistance 
59'51  ohms.     P  was  made  1000  and  Q  10  ohms  ;  and  when 

II  was  5051  an  almost  perfect  balance  was  obtained.  Both  a 
telephone  and  a  galvanometer  were  used  in  the  final  adjust- 
ment of  r,  and  the  value  thus  found  was  3*65  ohms.  The 
coefficient  of  self-induction  is,  therefore, 

10'  X  (50510 +  3-G5  x  5101-51)  centim. 

=  •0691  henry, 

which  does  not  differ  greatly  from  the  previous  result. 
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XXXVIII.  On  the AppHcationof  Interference-Methodsto  Spec- 
iroacopic  MeLumrenients. — I.     J3y  Albert  A.  MiCUELSOX  *. 

[Plate  VII.] 

IN  a  pi4)er  on  "  Measurement  by  Light- Waves  '"  t  it  was 
shown  that  hy  substituting  a  refractometer  for  a  micro- 
scope or  telescope  or  spectroscope,  the  accuracy  of  measure- 
ment may  be  increased  to  a  remai'kable  degree,  but  at  the 
cost  of  resolution  and  definition.  AVhen  the  object  viewed  is 
smaller  than  the  limit  of  resolution,  however,  then,  even  in 
the  ordinary  sense,  these  instruments  possess  scarcely  any 
advantage ;  but  if  by  ''  defining-jjower "  is  meant  not  the 
actual  resemblance  of  the  image  to  the  object,  but  the  ac- 
curacy with  which  the  form  or  the  distribution  of  light  may 
be  inferred,  then  the  refractometer  has  remarkable  advantages 
in  Ijoth  defining-poAver  and  accuracy. 

This  has  been  pointed  out  in  the  preceding  paper  (supra, 
p.  256)  in  the  case  of  telescopic  observations.  It  was  shown 
that  by  a  proper  interpretation  of  the  "  visibility-curve  '^  the 
form  and  the  distribution  of  liirlit  might  bo  correctlv  inferred, 
even  when  the  object  is  beyond  the  resolving-})Ower  of  the 
telescope. 

In  the  present  paper  it  is  proposed  to  show  that  the  same 
principle  holds  in  spectrosco})ic  observations,  and  even  with 
greater  force. 

In  fact,  a  spectral  line  might  be  viewed  by  a  telescope  con- 
verted into  a  refractometer,  and  the  "  line  "  could  be  studied 
in  precisely  the  same  way  as  a  nebulous  star.  Such  a  method, 
however,  would  multiply  the  necessary  imperfections  of  lenses 
and  prisms  or  gratings. 

Fortunately  both  spectroscope  and  telescope  may  be  dis- 
pensed with,  by  substituting  the  refractometer  in  any  form 
which  allows  a  considerable  and  steady  alteration  in  the  dif- 
ference in  path  between  the  two  interfering  streams  of  light 
from  any  approximately  homogeneous  sotirce. 

One  of  the  first  applications  of  this  method  |  showed  that 
the  red  hydrogen-line  is  a  very  close  double  ;  and  the  siune  is 
also  true  for  the  green  thallium-line.  Another  instance  of 
the  class  of  problems  which  the  method  may  help  to  solve  is 
the  etfectof  the  velocity  of  the  vibrating  molecule  in  the  line 
of  sight  in  broadening  the  spectral  lines. 

*  Communicated  by  the  Author. 

t  American  Journal  of  Science,  vol.  xxxix  ,  Foh.  1S!K). 
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This  question  has  been  discussed  by  Ebert*,  who  concludes 
that  the  width  of  the  spectral  lines  due  to  this  cause  is  not 
consistent  with  the  results  obtained  by  interference. 

Lord  Rayleigh  f  has  shown  that  this  conclusion  does  not 
hold  ;  and  that  the  apparent  inconsistency  is,  at  least  in  part, 
duo  to  the  arbitrary  assumption  of  a  concentration  of  light  at 
the  edges  of  the  line.  Proceeding  to  investigate  the  case  of 
uniform  distribution,  he  arrives  at  the  result  that  for  this  case 
the  visibility-curve  is  periodic. 

It  will  appear  later  that  this  is  the  fact  in  most,  if  not  all, 
of  the  radiations  thus  far  examined.  This  is  at  variance  with 
the  result  obtained  by  Lord  Rayleigh  for  a  distribution  result- 
ing from  Maxwell's  law  of  velocities  ;  but  it  is  expressly 
stated  that  "  the  case  of  electric  discharge  may  require  further 
consideration." 

The  general  formula  for  the  visibility  of  fringes  due  to 
interference  of  two  streams  of  light  whose  difference  of  path 
is  variable,  from  a  source  which  is  not  homogeneous,  is  the 
same  as  that  for  a  source  of  finite  area  whose  ''  parallax  "  is 
variable. 

For  the  resulting  intensity  of  two  equal  homogenoous 
streams  of  light  is 

T  .  ••        ^ 

A, 

If  the  light  be  included  between  wave-numbers  n^  and  n.2 
anil  the  illumination  from  da  be  ■\lr(ii)dn, 

i^n.j  I  '  II., 

1=1     Ii(/yi  =  4:  1      y}r()i){;o^-7rDitdii. 

If  fur  /t  we  substitute  7t  +  ,r,  in  which  /t,  is  the  mean  wave- 
number,  and  for  ■\fr{n)  ])ut  ^(.fj,  we  have 

1=1      "  (f)(^e)  cos^  7rD(/i  +  .v)dw. 


f: 


Expanding  and  omitting  the  factor  2,  })utting 

J  (j)  (.r) diV  =  P,  J  </>  (-f^)  cos  'IttDx  dx  =  C, 

'lirYhi  =  ■&.     and     \  (f)  (.?;)  sin  'IttDx  dx  =  IS, 

we  have 

I  =  P  +  Ccos^-Ssind. 

*  Wied.  Ann.  vol.  xxxvi.  p.  4(J(»  (  188!)). 
t  Plul.  -Mag.  Apiil  188!>. 
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If  a  be  sufficiently  small,  the  variations  of  C  and  S  with  3 
may  be  neglected,  and  the  maxima  or  minima  occur  when 

tand=-^, 

or  when 

I=P±  x/JF+SK 
Hence 

(J2  +  S2 

In  the  followinfi;  discussion  of  some  of  the  more  interesting 
cases  which  have  been  solved,  let  A  be  the  extreme  difference 
in  wave-length  of  the  radiations  in  question,  and  let  A^,  be  the 
smallest  difference  which  can  be  "  resolved  "  by  a  grating 
having  as  many  lines,  N,  as  there  are  waves  in  the  difference 
in  path. 

Then  if  n=  .-,  we  have 

1.  <^(a')  =  constant. 

This  case  has  already  been  treated,  and  the  resulting  visi- 
bility-curve is 

^j-  _  sin  7rn 


II.  (fi{.v)=\^i^—x\ 

This  case  has  also  been  solved  ;  and  if  Ji  represent  Bessel's 
function  of  ordt'r  unity,  the  result  is 


111.  </>(.r)=  COSTT-. 

Th(^  more  general  case  cos»J7r—  "ives 


sin  ^(»t— 2/i)7r      siu^(/«-|-2w)7r 
Km-2nV"  V(ni  +  2n)'jr 


o  sin  ^niTT 


^in-Tr 
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This  for  in  =  l  reduces  to 

COSriTT 


V= 


l-4n^' 


IV.  <i('.t')  =  cos^TnTT— ,     or  siu'''7?i7r  — 

^^  ^  a  a 

=  1  +  cos2m7r— . 
a 


sinnTT 


J  fsin  (m  +  n)7r      sin  (m  — 7z)7r1 
~^L    [rtt  +  n)Tr  (m  —  n)'n-    J 


_^  riTT  L    {rn  +  n}ir  (m  —  n)' 

~  ^       sin  rmr 

The  following  cases  are  of  interest : — 

T?             A                        TT       sin  nTT 
Jjor  ??i  =  0  or  CO  ,  ^o= ' 

IITT 

„    m  =  l,3,5,&c,     V=Vo(l±^^), 

„    m  =  2,4,6,&c,     V=Vo(l+^^). 

V.  rf)(.r)=  cos^'tt -. 

^     '  a 

This  case  deserves  special  notice,  as  many  of  the  others  may 
be  accurately  or  approximately  represented  by  it. 

In  tliis,  as  in  all  symmetrical  functions,  the  term  S  vanishes, 
and 


V  = 


I    cos^  TT  —  COS  XirDd-d^c 
K  a 


co^ir'—dx 
0  a 

OS 

Putting  TT-  =t<;  and  2Da  =  5',  this  becomes 


f 


cos  ?(?  cos  q  w  dw  [XihP  +  ^)Y 


For  V  =  0  we  have 
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whence 


or,  since  n  =  -^ , 


^^+1  =  0,  -1,   -2,  &c., 


V       -i 
n=  ~  +  l  +  a, 


a  being  any  positive  integer. 

The  visibility-curve  for  this  case  has,  therefore,  the  remark- 
able property  of  vanishing  at  equal  intervals,  with  the  exception 

of  the  first,  which  is-^+ 1  times  as  great. 

Thus,  if  Not  be  the  number  of  waves  in  the  difference  in 
path  at  the  ?nth  disappearance,  then 

N^-Not-i=-=M; 


but                          N,              =  (^ 
For  example, 

-).^- 

If  p  =  0  (rectangle), 
jP=2  (approx.  circle), 

N,=         M, 
Ni  =  l-25M, 

/,  =  l(cos,r^), 

Ni  =  l-5    M, 

,.=2(cos=^;;'), 

Ni  =  2-0    M. 

Thus  the  first  interval  determines  the  shape  of  theintensitv- 
curve,  while  the  succeeding  ones  measure  the  width. 


VI.  <;£,(,,)  =.>"''^. 

This  is  the  distribution  resulHng  from  Maxwell's  law  ;   the 
resulting  curve  is 

•     N  =  e      y, 
which  is  not  periodic.     [If  x=h(i  for  ?/  =  i,  y>  =  -A  log  2.] 
VI r.  Double  Source. 

The  general  equation  V-=  — p^^ —  may  be  put  in   a   more 
useful  form  in  the  ease  of  two  distinct  svmmetrical  sources. 
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Putting  [z—b)  for  a;<0,  and  z  +  h  for  x>0,  yjri{z)  for 
<f>i{z—b),  and  i/rjfc)  for  (f).2{z  +  b),  Z^  for  J'v|5(:')  cos  'IttVjz  .  dz, 
and  Z3  for  jT|r2(~)  cos  27rDr  .  r/^,  P^  for  j  i/r, (c) (/^,  and  Pj  for 

J'^l('^)^^j  we  have 

,.  ,_  V  +  Z2^  +  2ZiZ2C0s27rn„ 


;  hence 
Pi^Vi^  +  P^^V^^  +  2P1P2V1V2  cos  7rn,i 


But  Vi=  ^^-,  and  Y2=  ^  ;  hence 
-L 1  -t  2 


(i^i  +  i^.)^ 

If  rill  is  small,  that  is,  if  the  centres  of  the  two  sources  are 
close  together, 

,,   _FiY,  +  T,Y, 

^''-     P^  +  P^     ' 

and  if  there  are  several  sources  whose  centres  nearly  coincide, 

^1^-   vp    • 

If  the  two  sources  are  alike,  excepting  a  constant  ftictor  /t, 
wiiich  may  represent  intensity, 

^   9  _  /t'*  +  hi^  +  2hhi  cos  ka^  y2 

^1^""        {h+W~        * 

Thus,  if  h  =  hi, 

Vii^=  cos^Trnji .  V^; 
and,  generally,  if  A  =  )nh, 

m^  +  l  +  2mcos  ka- 
{m+iy 

If  the  two  sources   are   small  when  compared  Avith  their 
distance,  V^  =  l. 

VIII.  Multiple  Source. 

If  the  sources  are  all  equal,  equidistant,  and  symmetrical,  and 

ni=-  -r-,  where  Aj  is  the  common  interval,  and  n=  -r- ,  where 

A  is  the  extreme  interval,  then 

„   _  TT  ^1  ^i"  "^^ 

V  111  —    »         "       r~ 


n   sni  inii 


Thus  if  <i)(a:')  =  cos^  tt  — , 
^^  '  a 


„       sin  TT/ii         1 
^         7r«i        1 — ni'^' 
2  B  2 
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This  gives 


^   _  sin  irn  _      1 


irn       1 — r?  ' 
or 

■yj   sin  7rn     ?n^ 


irn     m^ — n^' 
which  agrees  with  IV. 

IX.  «/,(^-)  =  l+p        </>(^)  =  l-j, 

(a?<0),  (.?;>0). 

Putting  27rD  =  /(:,  we  have 

C=  p^(l-  cos  A;e)  +  p^(l-  cos  kf), 

P  =  K^+/). 
If,  now,  ke 

and 


7i2  =  r2n=^, 


''-      27r     ' 
we  have 

-^2_  1— ^'2C0S  27rriW — rj  cos  27r?*27i  —  2rir2  sin^  7m 
'2>\^iY7r^n^ 

ifr  =  r,  =  i,  ^•^,'jrn 

V= -• 

lty  =  0,  e  =  a,  and 

FC=-(l-cos^a), 


k'S=  —  (sin /vf  —  ka); 

a  ' 


whence 


,;..,         1     r^       sin-TT/i         sin  27r7i"| 
V  -  =  — T7-r,     1  H .,-9 ■^  — IS • 

In  the   case  of  an   un<yininotrical   source,  it  is  j)0ssible  to 
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determine  the  position  of  the  brighter  portion  by  gradually- 
increasing  the  difference  in  path  from  zero.  If  the  fringes 
are  thereby  displaced  in  the  positive  sense  from  the  position 
calculated  from  the  mean  wave-length,  then  the  brighter  edge 
lies  toward  the  violet. 

If  the  line  is  a  double,  the  displacement  relatively  to  the 
position  calculated  from  the  brighter  source  is  given  by  the 
formula 

tan  27r«  = ^^^ 


J.  9     ^ 

r+  cosZTT^ 


in  which  n  is  the  displacement  in  the  fractions  of  a  wave,  N  is 
the  number  of  waves  in  the  difference  in  path,  M  is  the  number 
of  waves  between  two  successive  minima  of  distinctness,  and  r 
is  the  ratio  of  the  intensities. 

The  cases  discussed  in  the  preceding  work  are  illustrated 
by  the  figures  in  Plate  VII.,  which  give  the  function  repre- 
senting the  distribution  of  light  in  a  spectral  line  together 
with  its  corresponding  visibility-curve*. 

The  equation  for  the  visibility  of  the  interference-fringes 
has  been  somewhat  arbitrarily  assumed  to  be  the  ratio  of  the 
sum  to  the  difference  of  the  intensities  of  the  bright  and  dark 
fringes  ;  that  is, 

V=^^ (1) 

M  + J^2 

If  we  assume  that  the  visibility  is  the  greatest  value  of 

KiA' ^^^ 

and  also  that  the  intensity  of  the  fringes  may  be  represented 

by 

I  =  H  +  Kcos<^, 

*  The  value  of  V  as  deduced  from  tlie  general  formula  is  necessarily 
positive ;  so  that  there  are  no  reversals  of  the  friu|jres.  There  will  be, 
however,  a  change  of  phase,  which  is  given  by  the  formula 

III  the  case  of  a  symmetrical  function  this  change  may  be  half  a  period ; 
and  it  would  not  be  incorrect  to  draw  the  corresponding  parts  of  the 
curve  below  the  axis. 
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we  have  in  eitlier  case 

H 
But  if  we  define  V  as  tbe  maximum  value  of 
_^ 

d4> 


(3) 


we  have 

V  = 


We  have  therefore  tlie  relations 

V2  =  V,  and  V3=-/X=.. 

It  is  quite  immaterial  which  expression  for  Y  is  assumed, 
provided  this  be  the  quantity  actually  measured  by  exj)eri- 
ment.  It  has  been  found  that  the  simple  eye-estimates  of  the 
distinctness  of  the  fringes  coincide  fairly  Mell  with  the 
results  given  l)y  the  first  expression. 

In  a  sul)sequent  paper  I  hope  to  connnunicate  some  of  the 
more  interesting  results  of  experiments  with  the  ''  wave- 
comparer,"  giving  the  visibility-curves  for  the  principal  lines 
of  hydrogen,  sodium,  thallium,  and  mercury,  with  their  pro- 
bable interpretation  by  means  of  the  preceding  formula3. 

XXXIX.  Further  Contrihutions  to  Ihinamometry ,  or  the  Mea- 
surement of  Foicer.  By  T.  H.  Blake^ley,  M.A.,  M.Imt. 
C.E* 

"VrOW  that  the  advantage  of  using  the  split  dynamometer 
-1-^  to  measure  power,  as  first  proposed  by  me  more  than 
half  a  decade  since,  seems  to  be  at  length  receiving  some 
attention  through  the  generalization  of  the  nu'thod  when 
a])plied  to  transformers,  discovered  indepenilently  by  Prof.  W. 
E.  Ayrton  and  myself,  it  may  be  well  to  point  out  clearly  tbe 
princi})les  upon  which  such  an  instrument  must  be  inserted 
into  an  electrical  system  to  etl'ect  the  measurement  of  a  l)hy- 
sical  quantity,  and  the  nature  of  the  quantities  which  admit  of 
such  measurement. 

In  the  first  place,  an  exact  idea  must  be  formed  of  the 

*  Comniuiiicated  by  tlio  Physical  Society  :  read  Februai-y  27,  1891. 
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nature  of  the  physical  quantity  indicated  by  the  reading  of  a 
dynainonicter,  or  the  angle  through  which  the  torsion-head  is 
turned  to  bring  the  coils  into  a  standard  relative  position, 
which  is  usually,  but  not  necessarily,  one  in  which  the  coils 
are  at  riglit  angles  one  to  the  other.  That  position  has  the 
advantage  of  introducin":  no  mutual  induction  in  the  instru- 
ment  itself. 
Expressed  mathematically,  the  reading  measures  the  quantity 

1    fT  ^ 

where  Ci  and  C2  are  the  currents  at  a  moment  through  the 
two  coils,  those  currents  being  periodic  or  constant  (one  may 
be  constant,  the  other  })eriodic),  and  T  being  an  interval  of 
time  at  least  equal  to  the  least  common  measure  of  the  periods, 
and  so  small  that  the  index  is  not  able  to  move  appreciably 
in  the  interval  T.  The  larger  the  moment  of  inertia  of  the 
moving  coil,  the  greater  the  limit  which  may  be  allowed  to  T. 

In  the  year  lb85,  when  I  first  suggested  sending  different 
currents  through  the  two  coils  of  such  an  instrument,  I  called 
a  reading"  taken  under  such  circumstances  the  "  force-reading," 
to  distinguish  it  from  an  ordinary  dynamometer-reading  in 
the  usual  case  of  the  currents  being  identical  in  the  two  coils. 
That  name  was  suggested  by  the  fact  that  (current)^  has  for 
its  structural  formula  in  the  electromagnetic  system  the  same 
dimensions  as  force,  omitting  the  dimension  of  permeability. 
This  fact  is  shown  in  Sir  W.  Thomson^s  so-called  current- 
balances,  where  (current)-  is  made  to  produce  equilibrium 
with  a  force. 

But  (current)^  has  another  more  important  meaning.  When 
multiplied  by  resistance,  it  means  power,  and  therefore  by 
itself  it  means  power  per  unit  of  resistance  ;  and  this  is  its 
true  meaning  independently  of  permeability.  The  dynamo- 
meter-reading is  the  mean  j^oii'er  per  unit  of  resistance. 

If,  therefore,  we  know  the  proper  resistance  to  multiply 
the  dynamometer-reading  by,  we  shall  be  in  possession  of  the 
value  of  the  power  ;  and  it  follows  that  appropriate  dynamo- 
meter-readings must  be  of  extreme  value  in  measuring  ])ower. 

It  will  thus  be  seen  that  if  the  physical  quantity  Z  can  be 
expressed  for  its  momentary  value  in  terms  quadratic  in  tbo 
instantaneous  currents,  these  terms  will  point  out  to  us  the 
aj>propriate  ])laces  for  dynamometers  whose  readings,  being 
filled  in  in  the  places  of  those  quadratic  expressions,  will  give 
us  the  mean  value  of  (Z).     To  make  this  perfectly  clear  : — 
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Suppose 

at  any  instant;  then  the  mean  value  of  Z  %vill  be 

A.1D1  +  B1D2  +  C2D2, 

where  jD2  is  the  reading  of  a  dynamometer  one  of  ^vhose  coils 
carries  Ci  and  the  other  c^. 

If  Z  is  ])0wer,  A,  B,  C  are  of  the  order  resistance.  If  Z 
is  E.M.F."'^^,  A,  B,  C  are  of  the  order  (resistance)'*.  It  is  neces- 
sary that  A,  B,  C  should  not  be  functions  of  the  time.  Hence 
power  and  E.M.F.  ,  the  latter  being  merely  power  per  unit  of 
conductivity,  are  very  appro])riale  (quantities  for  the  method. 

To  take  the  simple  case  of  two  machines  working  in  parallel 
into  a  third  inductionless  circuit.     The  equations  are 

€2—/=  7-2^2, 

and  Cx  +  C2—Cz  ; 

where  ex  and  e^  arc  the  total  E.M.F.s  of  the  generators  in  the 
two  loops  1  and  2  (including  all  induction);  Cj,  C2,  and  C3  are 
the  three  instantaneous  currents,  the  two  former  positive 
towards  the  same  point  of  junction,  the  latter  positive  towards 
the  other,  so  that  ^1  +  ^2  =  ("3  always  ;  and  /'  is  the  potential 
dilference  at  the  points  where  the  circuits  join. 
Then,  since 

^iCi  =  ?'iCi-  +  ?V'iC3  or  rj  +  raCi^  +  raCiCa, 


e2C2  =  r2C2+riC2Cz  or  n^-r-iC^^  +  r^CxCi, 


we  have  power  of  1st  generator 


=  ^"i  i^i+rgiDg,  or  ri  +  r3iD,+r3,D2  ; 
power  of  2nd  generator 


=  7-2  oDo  +  ^3  2D3,  or  ro  +  rgoDo  +  ^'aiDj, 

where  D  refers  to  a  dynamometer-reading. 

Here  we  a])pear  to  recpuro  four  ilynamometers  ;  but  the 
expression  for  the  instantaneous  jtowt'r  may  be  written  in  the 
2nd  form  given,  which  necessitates  only  three  dynamometers. 
Either  lienerator  here  becomes  a  motor  if  the  second  term  as 
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given  above  has  changed  sign,  and  is  of  greater  numerical 
value  than  the  first  term,  which  is  necessarily  positive. 

The  expressions  for  determining  the  mean  E-M-F.*^  of  the 
machines  are: — 

(mean  e^)=zri  ,D,  +r^  3D3  +  2ri?'3  il^sj  I  taking  five  dynamo- 
(mean  e^')  =r/  ^D^  +  r/  3D3  +  21-2^3  2D3,  J      meter-readings. 

But  this  can  be  simplified,  as  in  the  formulas  for  the  powers, 
thus : — 


^i  =  'Vi+''3C3   =    '>\+riC^  +  r^C2, 


€2  =  r2C2  +  r^Cz   —   r2  +  rsC2  +  r^C2; 


e^  =  ri  +  ^3  jDi  +  ri  sDo  +  2 .  ri  +  rg .  r^  ^2 


^2  =  '''2  +  n  2D2  +  r^^  iDi  +  2  . 7-2  +  V3 . 1-3 1D2 ; 

in  which  expressions  there  are  only  three  dynamometer- 
readings,  and  these  the  same  three  as  for  giving  the  two 
powers. 

It  is  clear  that  —^36302  is  the  power  doing  work  upon  the 
second  circuit ;  for  it  is  equal  to  —fc2  at  any  moment ; 
.*.  — 7*321)3  is  the  mean  power  expended  in  the  second  circuit. 

This  is  quite  independent  of  the  nature  of  the  apparatus 
in  the  second  circuit,  wdiich  may  contain  any  or  all  of  the 
following  : — 

A  perfect  or  absorbent  condenser, 

An  electromagnet, 

A  decomposing-cell, 

A  vacuum-tube, 

A  motor-circuit, 

A  transformer-circuit, 

A  generating-circuit, 

A  welding-machine, 

A  tuning-fork,  or  other  make  and  break. 

Should  the  apparatus  render  it  undesirable  to  have  the 
current  C2  passed  through  the  dynamometer,  we  may  write 

or  Mean  Power  =»*3{iD3— 3D3}. 

It  was  by  this  means  that  I  suggested  to  Mr.  Swinburne  he 
might  measure  the  dielectric  h3^steresis  of  his  condensers.  It 
would  only  take  two  dynamometers,  as  is  seen. 


350 


Mr.  T.  H.  Blakesley's  Further 


The  Case  of  a  Machine  -playing  into  a  Number  of  Parallel 
TranKforniers. 


Let  E  be  the  E.M.F.  of  the  machine  (including  nil  induction); 
K  its  resistance  ; 

/the  P.D.  -svhere  the  circnits  become  parallel  ; 
r  the  resistance  of  the  primary  from  this  point ; 
m  the  number  of  turns  in  the  primary  coil  j 
11  the  number  of  turns  in  the  secondary  coil ; 
p  thy  resistance  of  the  secondary  coil. 
C  is  the  current  through  the  generator  ; 
c  is  the  current  in  the  primary; 
7  is  the  current  in  the  secondary; 
N  the  number  of  magnetic  lines  in  the  core. 

Numerical  subscripts  nnist  be  aj)plied    uhere  required  for 
the  various  circuits. 
Then 


E-v-CR, 

f/N 


cm 
'*  -7- 

dt 


dt 


IP 


=  cr,  ^ 
J 


1 


E  =  CR  +  o'  + 


7P; 


I  J,  III 


multiplying/ by  r, 


te- 


rn 
■  rr  +  p  —  yc, 


^vhich  gives  the  ]io\ver  in  each  traii>former  circuit,  and  indi- 
cates the  aj>i)ro]»riale  ])ositions  of  the  two  instruments,  viz. 
one  Avith  both  coils  in  the  jtrimary,  and  one  split  between  the 
])rimary  and  the  secondary. 
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m 


p  —  jc  is  the  power  beating  transformer  and  secondary, 


n 


pY     is  the  power  heating  the  secondary; 


ni 


.'.  p  —  yc—py^  in  the  power  heating   tlie   core,  being  the 

result  of  hysteresis  and  Foiicaidt  currents. 

Multiply  E  by  C,  and  we  have  the  total  power,  which  is 

R.C'  +  rCc+''^p.Cy. 
a 

Thus  the  whole  power  consumed  in  such  a  system  may  be 
measured  by  means  of  three  dynamometers  judiciously  ap])lied 
to  the  main  current  and  those  in  a  single  branch. 

This,  of  course,  can  be  applied  to  measure  the  ])0wer  at 
•work  in  a  system  of  parallel  transformers  by  means  of  a  home 
transformer,  whose  resistances  may  be  kept  fixed  or  at  least 
accurately  determined. 

It  may  also  be  used  to  measure  the  electric  power  of  a 
welding  transformer,  into  whose  secondary  it  is  inexpedient, 
if  not  iin})0ssible,  to  introduce  any  extra  resistance. 

In  this  case  a  very  high  power  would  be  rendered  mea- 
surable by  increasing  the  resistances  in  the  circuits  of  the 
parallel  sj^stem.  The  power  consumed  in  the  parallel  system 
being,  as  indicated,  known,  can  be  deducted  from  the  total. 

TransfoTmers  in  Series. 
Let  E  be  the  E.M.F.  of  the  machine  ; 
7',  be  the  resistance  of  the  1st  primary ; 
ro  „  „  Istsecondary  and  2nd  })rimary; 

»'3  ,j  ,,,      ,      2nd       „  3rd       „ 

Nj  be  the  magnetic  lines  in  1st  core  ; 
N2  „  „  2nd    „ 


h\        ^  ■     f   primary   1     r-  1  t  j.        i- 

'  >  =  turns  ni  <    ^         ,  -      Vol  1st  transformer 
1   j  ( secondary  J 

7l2    j    ~  "  ^  "  _ 

Ci       =  current  in  1st  section 
C2       =  „  2nd    ■„ 


2nd 


Then  ^^  d^s, 

f/Ni  (/N2 

'''-df-''''-dt   ='-'''' 

&c.,  etc. 
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.-.    E  =  7'iCi  +  — '  rs^s  +  —  -   '  ^'3^3  +       '     '        7Y^  +  &c. 


The  series  has  7  + 1  terms  when  there  are  </  transformers 
The  square  of  this  expression  will  Jiave  every  term  quadratic 
in  current,  and  be  thus  amenable  to  dynamometer  treatment. 

Tlie  value  for  one  transformer  has  already  been  given 
by  me. 

If  we  multiply  through  by  Cj,  we  have  the  total  power  CjE 
given  in  suitable  terms. 

For  one  transformer, 


or  power 


17h 

=  n  1^1  +  -  rs  1D2, 


the  first  term  heating  the  primary;  7*2  2^2  is  the  power  heating 
the  secondary. 

Therefore  the  power  involved  in  w^arming  the  core  by  the 
magnetic  changes  is 

— r2  1D2  —  ?'2  2D2       =^'2S  l^o  — oDo    r"' 

The  Case  of  Transformers  with  Primaries  in  Series. 


K 


E  is  the  E.M.F.  of  the  generator  ; 

N  the  number  of  magnetic  lines  in  the  core  ; 

m  the  number  of  turns  in  the  primary  of  a  transformer; 

n  the  number  of  turns  in  the  secondary  of  a  transformer  ; 

C  the  current  in  the  primary  ; 

II  its  resistance  ; 

c  the  current  in  the  secondary  ; 

r  its  resistance. 

Numerical  subscripts  being  added  where  required. 
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Then 

^  rfN,  (^2  d^3      0        nvt 

d'Ns 

n,-^=c,r,; 
&c.         &c. 

.-.    E  =  CR  +   —  Ci/'i  +    —  C2^2  +    —  Csl's  +   &C. 

Wi  ?(2  '>h 

The  square  of  this  will  be  quadratic  in  c,  and  the  terms  will 
indicate  the  proper  places  tor  dynamometers.  The  total 
power  is 

EC  =  C^R  +  r,  —'  Cci  +  ra  ^  Cc,  +  &c. 
ni  ^2 

The  first  term  heats  the  primary,  and  each  succeeding  term 
indicates  the  power  employed  in  heating  a  secondary  and  a 
core  corresponding  with  it.  Both  in  this  case  and  in  the  case 
of  parallel  transformers  it  appears  that  the  power  heating  the 
core  and  its  secondary  is  indicated  by  one  dynamometer-reading 
alone,  one  coil  being  in  the  primary  and  the  other  in  the 
secondary;  the  reading  requiring  multiplication  by  the  ratio 
of  the  coil-turns  in  the  primary  to  those  in  the  secondary,  and 
by  the  secondary  resistance  ;  i.  e.  this  power 

Does  not  this  indicate  the  direction  which  efforts  should  take 
to  effect  a  really  fair  mode  of  measuring  Electrical  Energy 
supplied  ? 

In  some  cases  a  single  instrument  might  be  used,  even  if  the 
formula  indicated  two  terms,  to  obtain  the  required  measure- 
ment. Sup])Ose,  for  instance,  that  the  formula  had  two  terms 
(ci'— ^1^2)'  This  may  be  written  Ci(ci  — ^2);  i^nd  it  is  clear 
that  if  we  had  two  fixed  similar  coils  both  in  one  plane,  and 
made  to  carry  Ci  and  c<i  reversed,  respectively,  and  if  the  movable 
coil  were  made  to  carry  Cj,  then  the  indications  of  the  instru- 
ment would  give  the  required  measurement.  It  might  be 
possible  to  nmltiply  such  coils,  and  vary  their  turns  and  posi- 
tion so  as  to  meet  any  case,  if  desirable.  The  method  is 
merely  indicated  here. 
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From  wliiit  I  have  said,  it  will  not  surprise  those  who  have 
I'ol lowed  me  that  in  questions  of  power  I  recommend  that 
quotations  should  be  made  of  mean  current  ,  as  indicated  by 
dynamometers,  and  that  attempts  at  giving  mean  cur- 
rent in  amperes,  with  reversing  currents,  should  be  given 
up.  What  a  quantity  of  pains  has  been  taken  to  make  volt- 
meters give  indications  [)roportionaI  to  volts  I  The  merit  of 
a  difference  of  potential  is  as  its  square,  and  that  of  cells  as 
the  square  of  their  E.M.F.  Give  me  twice  the  E.M.F.,  you 
(iuadru[)le  my  power  of  doing  work  by  its  means.  To  reduce 
readings  to  give  the  square  root  of  mean  square  is  doubly 
wrong.  It  is  a  ridiculous  attempt  to  reach  a  useless  quantity, 
and,  further,  gives  one  the  trouble  of  squaring  back  again. 

XL.  Proof  of  the  Generality  of  certain  Formuh£  published  for 
a  Special  Case  In/  Mr.  Blakesley.  By  Prof.  W.  E.  AyRTON, 
F.R.S.,  and  J.  F.  Taylor*.  p^  q.  /itd^N 

I.  ""^    "" 

IN  May  1888  Mr.  Blakesley  described  before  this  Society  f 
a  very  interesting  method  of  testing  the  power  given 
to  the  primary  coil  of  a  transformer  based  on  the  employ- 
ment of  three  dynamometers.  The  method,  however,  really  only 
requires  two  alternate  current  ammeters  and  one  dynamo- 
meter with  two  coils.  The  ammeters  are  placed  respectively 
in  the  primary  and  secondary  circuits  of  the  transformer, 
while  the  two  coils  of  the  dynamometer  are  electrically 
separated  from  one  another,  one  being  placed  in  the  primary 
and  the  other  in  the  secondary  circuit  of  the  transformer, 
as  shown  in  the  fiourc. 


Diinanicim  ter 


Mr.  Blakesley  in  his  paper  assumed  that  the  throe  instru- 
ments were  not  graduated  directly  ;  that  is  to  say.  that  con- 

*  ronimiiiiioati'd  by  tlio  Physical  Society:  read  February  27,  1891. 
t  True,  riiys.  Soc.  ix.  p.  280  j  IMiil.  Mag.  [-5]  xxvi.  p.  34. 
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stants  had  to  bo  employed  in  each  case  to  reduce  tlio  arbitrary 
scale-readings  to  absolute  measure.  We  will,  on  the  contrary, 
suppose  the  instruments  to  be  graduated  as  they  ought  to  be, 
so  that  if  D  ,  D^,  and  D  be  the  readings  of  the  three  instru- 
ments, they  are  equal  respectively  to  the  square  root  of  the 
mean  square  of  the  primary  current,  the  square  root  of  the 
mean  square  of  the  secondary  current,  and  the  mean  product 
of  the  two  currents. 

With  this  definition  Mr.  Blakesley  proved  geometrically 
that  the  watts  given  to  the  primary  coil  of  the  transformer 
were  equal  to 

p 
p^l  +  ^  sT>pt  ; 

where  p  and  s  are  the  resistances,  in  ohms,  of  the  primary  coil 
and  the  whole  secondary  circuit  respectively,  and  P  and  S 
are  the  numbers  of  windings  in  the  primary  and  secondary 
coils  of  the  transformer. 

The  formula  is  a  simple  one,  and  the  values  of  the  ex- 
pressions in  it  are  fairly  easy  to  obtain  experimentally.  The 
proof  of  the  formula,  however,  as  given  by  Mr.  Blakesley,  was 
based  on  the  following  assumptions  : — 

1.  The  variations  of  the  primary  and  secondary  currents 
are  harmonic. 

2.  The  variation  of  the  magnetism  of  the  core  is  harmonic. 

3.  The  magnetic  stresses  produced  in  the  iron  core  by  the 
currents  in  the  primary  and  secondary  coils  are  directly  pro- 
portional to  the  ampere-turns  in  these  two  coils, 

4.  Each  turn  in  each  coil  embraces  at  any  moment  the  same 
number  of  lines  of  force. 

5.  The  secondary  circuit  outside  the  transformer  is  non- 
inductive. 

II. 

In  the  spring  of  last  year,  1890,  Mr.  Wightman,  one  of  the 
third-year  students  of  the  Central  Institution,  showed  that  an 
analytical  method  for  measuring  the  efficiency  of  a  transformer, 
which  had  been  described  in  one  of  the  lectures  at  the  college, 
could  by  a  slight  transformation  be  em|)loyed  to  proA'e  the 
generality  of  iMr.  Blakesley's  formula  given  above. 

The  proof  is  quite  simple,  and  shows  that  the  formula  in 
question  is  true  whatever  function  the  currents  or  the  mag- 
netism be  of  the  time,  and  whatever  amount  of  hysteresis  or 
magnetic  lag  may  exist.  In  fact  the  proof  is  independent  of 
Mr.  Blakesley's  assumptions  Nos.  1,  2,  and  8,  mentioned 
above. 
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We  have  delayed  the  publication  of  this  proof  until  we 
had  usod  the  method  for  a  lengthy  series  of  exporinicnts  on  a 
transformer  kindly  lent  us  by  Mr.  Mordey,  and  Avliich  has 
occupifsd  the  students  for  many  months.  But,  in  order  that 
others  like  ourselves  should  be  able  to  use  Mr.  Blakesley's 
formula  with  confidence,  and  without  having  any  longer  the 
fear  that  if  the  sine  law  were  not  true,  or  if  much  hysteresis 
existed,  their  calculations  made  by  means  of  this  formula 
from  experimental  results  might  be  very  wrong,  we  commu- 
nicated nearly  a  year  ago  the  general  character  of  the  proofs 
that  we  had  arrived  at  to  Mr.  Blakesley  and  to  others  in- 
terested in  the  matter. 

Let  V   be  the  P.D.  in  volts  at  the  terminals  of  the  primary- 
coil  at  any  moment  t. 

Let  A    be  the  primary  current,  in   amperes,  at  the   same 
moment. 

Let  A.  bo  the  secondary  current,  in  amperes,  at  the  same 
moment. 

Let  n  be  the  number  of  lines  of  force  passing  through  one 
convolution  at  that  moment. 
Then 

A  _    ^  ^dn 

^^~W^di' 

If  T  be  the  time  of  one  complete  cycle, 

But  the  expression  on  the  left-hand  side  is  the  mean  \yatts 
given  to  the  primary  coil,  and  the  expression  on  the  right- 
hand  side  is  simply 

D  ,  as  already  explained,  In'ing  the  reading  of  the  alternate 
current  ammeter  in  tlu>  primary  circuit,  and   D,„  the  reading 
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of  the  dynamometer  having  one  coil  in  the   jn'iiiiary  and   the 
other  coil  in  the  secondary  circnit. 

The  following  is  another  general  proof  of  tlie  same  for- 
mula : — 

The  watts  given  to  the  primory  coil  of  a  transforin<'r  are 
spent  partly  in  heating  the  primary  coil,  and  partly  in  doing 
work  against  the  back  electromotive  force  set  up  by  the 
varying  magnetism  of  the  core. 

The  watts  spent  in  heating  the  primary  coil  are  of  course 
pTf  ;  while  the  watts  spent  in  doing  work  against  the;  back 
electromotive  force  are  at  anv  moment  A  x  the  back  E.^I.F. 

The  E.M.F.    generated    in   the  secondury   circuit    by    the 

same  variation  of  magnetism  of  iron  is  at  anv  moment  .sA^; 

therefore  the  back  E.M.F.  in  the   i)rimary  coil  at  the  same 

P 
moment  must  be^  ^A^. 

Consequently  the  total  watts  given  to  the  primary  coil  are 
P^+  ST*   V^'^'' 


p 

y>D^  +  -;^s  Dpg,  as  before. 

Ill 

This    ex]»ression,    as   Mr.    Blakesley    points    out,    may 
Avritten  as  follows  : — 


^D^  +  .D^  +  .{|d,.,-D-:]  ; 


and  since  /iDp  +  sDj  are  the  watts  employed  in  heating  the 
primary  coil  and  the  wliole  of  the  secondary  circuit,  it  follows 
that 

are  the  watts  employed  in  heating  the  core  on  account  of 
hysteresis  or  magnetic  lag  ;  a  result  now  proved  true  inde- 
pendently of  all  assumptions  as  regards  the  sine  law,  or  the 
magnetic  stress  being  directly  proportional  to  the  ampere- 
turns,  <fec. 

IV. 

Since  the  portion  of  the  secondary  circuit  outside  the  trans- 
former is  non-inductive  and  has  a  resistance  *'  say,  th<^  watts 
Phil.  Mog.  S.  5.  Vol.  31.  No.  101.  April  1891."      2  C 
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developed  in  it  are  of  course  s'Y)^,.     Consequently  the  efficiency 
of  the  transformer  is 


V. 

Using  tlio  various  assumptions  already  referred  to,  Mr, 
Blakesley  arrived,  by  means  of  a  geometrical  proof,  at  a  formula 
for  measuring  the  mean  square  of  the  P.D.  at  the  terminals 
of  the  primary  coil  by  means  of  the  two  ammeters  and  the 
dynamometer. 

The  following  general  proof  of  this  formula  is  very  much 
simpler  than  the  proof  for  only  a  special  case  which  J^Ir. 
Blakesley  gives,  and  furnishes  a  very  good  example  of  the 
fact  that  sometimes  it  is  more  easy  to  give  an  analytical  proof 
which  is  true  independently  of  any  assumptions  about  the 
harmonic  law,  etc.  than  to  give  a  geometrical  proof  which  is 
only  true  when  these  suppositions  hold. 

Vp=/>Ap  +  the  back  E.M.F.  at  the  moment 

•••  tI  ^^"  =  T-J„  ^'^ml  A.V*  +  2-s'tJ„  A,A,"  ; 

that  is,  the  mean  square  of  the  P.D.  at  the  terminals  of  the 
primary  coil  equals 

which  is  the  formula  given  by  ]\Ir.  Blakesley. 

From  the  preceding  it  follows  that  Mr.  Blakesley 's  ex- 
pressions for  the  watts  given  to  the  primary  coil  of  a  trans- 
former, for  the  efficiency  of  the  transformer,  anil  for  the  mean 
square  of  the  P.D.  at  the  terminals  of  the  primary  coil,  are 
true  irrespectively  of  any  assumptions  as  to  the  functions  the 
E.M.F.s,  the  currents,  or  the  magnetic  flux  are  of  the  time  a.s 
well  as  of  any  assumptions  as  to  the  presence  or  absence  of 
hysteresis  or  magnetic  lag. 

This  being  the  case,  the  appHcation  of  this  two  ammeters 
and  dynamomet(M-  method  lor  measuring  power  in  other 
cases  than  those  already  treated  o\'  is  worthy  of  i-arefui 
consideration. 
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XLI.  On  Relations  between  the  Lines  of  various  Spectra. 
By  W.  N.  Hartlev,  F.R.S.,  Professor  of  Chemistry, 
Royal  College  of  Science,  Dublin. 

IN  a  paper  ])ublished  in  the  Philosophical  Magazine  for 
July  1890  (vol.  XXX-.  p.  33),  by  Mr.  J.  S.  Ames,  "  On 
Relations  between  the  Lines  of  various  Spectra,  with  special 
Reference  to  those  of  Cadmium  and  Zinc,  and  a  Redetermi- 
nation of  their  Wave-lenoths,^'  the  author  refers  to  two  of  my 
papers,  the  titles  of  which  follow  : — "  Notes  on  certain  Photo- 
graphs of  the  Ultra-violet  Spectra  of  Elementary  Bodies,"  J. 
Chem.  Soc.  vol.  xli.  p.  84,  1882  ;  and  "  On  Homologous 
Spectra,'^  loc.  cit.  vol.  xliii.  p.  390,  1883.  The  substance  of 
these  papers  niay  be  stated  in  a  few  words. 

I  observed  a  remarkable  likeness  between  the  individual 
lines  in  the  spectra  of  different  elements  belonging  to  the 
same  group,  but  striking  differences  between  the  characters 
of  the  lines  belonging  to  elements  of  different  groups.  The 
spectra  of  the  alkali  metal«!  were  quite  different  from  those  of 
the  magnesium  group.  These  latter  differed  from  the  iron 
group.  The  aluminium,  indium,  thallium  spectra  differed 
from  any  of  the  others.  The  metalloids  tellurium,  arsenic, 
and  antimony  had  distinct  characters  in  common.  The  dif- 
ferences in  the  lines  of  various  spectra  observed  were,  first 
in  intensity  of  chemical  action,  secondly  in  length,  thirdly 
in  extension  above  and  below  the  points  of  the  electrodes,  and 
fourthly  in  breadth  or  shape,  as,  for  instance,  with  or  without 
a  nimbus.  These  physical  characters  were  first  described  by 
me  in  the  Scientific  Transactions  of  the  Royal  Dublin  Society, 
vol.  i.  p.  231,  1881.  So  important  were  they  considered, 
that  a  large  amount  of  labour  was  incurred  in  giving  a  minute 
description  to  each  line  in  the  tables  of  wave-length  measure- 
ments made  by  Mr.  Adeney  and  myself  (Phil.  Trans,  vol. 
clxxv.  p.  63,  1884).  Only  two  other  observers  have  given 
particular  descriptions  of  the  physical  characters  of  lines  in 
spectra,  namely,  Messrs.  Thalen  and  Lecoq  de  Boisbaudran. 
A  community  of  characteristics  in  s{)ectra  was  recognized 
as  being  due  to  a  similarity  in  the  })roperties  of  elements  be- 
longing to  the  same  group  when  classified  according  to  the 
Periodic  Law.  Elements  with  properties  in  common  likewise 
exhibit  spectra  with  similar  groupings  of  lines  ;  but  the  dis- 
persion of  the  lines  and  the  refrangibility  of  the  strong  lines  in 
each  group  vary  with  the  atomic  mass  of  the  elements.     The 

•  Comiminicated  bv  tlic  Author. 
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f'oiiiiimnications  in  wliicli  these  matters  were  dealt  with  were 
illustrated  by  phototfraphs  of  spectra  enlarcred  to  3»j  x  28 
inches.  In  the  group  of  metals  comprising  magnesium,  zinc, 
cadmium,  each  spectrum  consists  of  (ij  single  lines,  (2)  pairs 
of  lines,  (3)  a  series  of  triplets,  (4)  a  quadruple  group,  and 
(5)  a  quintuple  group.  When  oscillation-frequencies  are  cal- 
culated from  tlie  wave-lengths  of  the  lines  in  each  spectrum, 
the  differences  between  the  oscillation-frequencies  in  each 
triplet  in  any  one  series  is  a  constant  quantity  ;  the  law 
applies  also  to  the  series  of  doublets.  The  differences  between 
the  oscillation-frequencies  of  individual  rays  in  the  series  of 
triplets  increases  with  the  atomic  mass  of  the  elements  to 
which  the  triplets  belong. 

A  survey  of  the  facts  led  me  to  the  conclusion  that  these 
elements  are  composed  of  the  same  kind  of  matter  in  different 
states  of  condensation,  the  molecules  having  similar  modes, 
but  different  rates  of  vibration.  This  law  of  homology  in 
spectra  has  been  elaborately  studied  by  J.  R.  Rydberg,  who 
it  a])pears  recognized  it  independently  in  1885  ^. 

The  spectra  studied  by  me  were  spark-spectra,  and  con- 
cerning this  point  Mr.  Ames  writes  : — "  But  it  is  hardly  safe 
to  draw  inferences  from  spark-spectra  ;  for,  although  they  are 
undoubtedly  characteristic,  yet  the  state  of  affairs  in  the  spark- 
discharge  is  so  unnatural,  if  1  may  use  the  term,  that  similar 
molecules  could  not  be  expected  to  act  alike.'^  There  are,  of 
course,  good  reasons  for  studying  both  arc-  and  spark-spectra 
and  there  are  certain  features  in  the  latter  which  render  them 
of  particular  interest  ;  for  instance,  their  physical  characters 
are  more  strongly  marked  than  those  of  arc-spectra,  their 
lines  are  sharper  and  very  seldom  diffuse  as  in  the  arc,  and 
the  same  element  frequently  gives  lines  common  to  both  arc 
and  spark.  The  disadvantage  is  that  they  are  more  compli- 
cated. But  there  does  not  appear  to  be  any  definite  reason 
for  rejecting  observations  made  upon  spark-spectra,  or  re- 
garding the  inferences  drawn  therefrom  as  unsatisfactorv. 
The  conditions  which  are  not  sj^ecifietl,  but  which  are  referred 
to  as  influencing  the  mode  of  vibration  of  the  n)olecules  in 
vapours  resulting  from  the  spark-discharge,  have  never  varied 
the  sj)ectrum  of  any  of  the  metals  which  have  come  under 
my  observation.  The  oidy  element  which  has  exhibited  vari- 
ations in  its  spectrum  within  my  ex{)erience,  is  carbon  in  the 
form  of  grajihite.  1'liis  substance  has  been  ol)servetl  to  yield 
a  spectrum  fn)m  which  some  of  the  lines  belonging  to  carbon 

*  '•  lu'chcrc'lu's  sur  la  ('tuistiliiliou  des  sp-ctrcs  dVinis--*ion  des  elements 
('irmiiqiu'ti."  KoiH/l.  Sv(usl«i  i'c/riifka/'s-fihaf/ttiiitiis  llamlliiKjur:  JStock- 
holiu,  Buiidcl  'So,  No.  1,  1M»0. 


hetioeen  the  Lines  of  various  Spectra.  361 

with  wave-lengths  42Grv3,  391  !»•'>,  3^;^^l•9,  3«75-7,  3870-7, 
3590,  3585,  3583*5,  274«)-6,  and  2040  are  absent  without  any- 
apparent  reason.  The  first  five  of  these  lines  are  mucii 
lengthened  and  strengthened  when  carbon  dioxide  is  the 
atmosphere  surrounding  the  electrodes  and  are  un(iuestionably 
carbon  lines  (Phil.  Trans,  vol.  clxxv.  ]).  49,  1884).  The 
spectra  of  magncsiinn,  zinc,  and  cadmium  have  been  photo- 
graphed repeatedly,  and  that  of  cadmium  has  been  observed 
by  me  many  thousands  of  times  during  the  last  twelve  years, 
yet  not  only  have  the  spectra  been  always  characteristic,  but 
they  have  never  varied  in  any  sinyle  j>articalar. 

I  should  infer  from  this  that  molecules  of  the  same  metal 
alwavs  act  alike  under  the  influence  of  a  properly  regulated 
spark-discharge,  in  spite  of  the  fact  that  the  motion  of  the 
spark  is  oscillatory.  Mr.  Ames  further  remarks  : — "  It  is  to  be 
regretted,  too,  that  in  general  so  little  attention  has  been  paid 
to  the  })liysical  properties  of  the  lines,  when  homologous 
groups  or  series  were  selected.  It  is  only,  I  think,  by  means 
of  the  physical  similarities  that  correct  inferences  can  be 
made.  For  these  two  reasons  a  great  many  of  the  relations 
given  by  Professor  Hartley  are  inaccurate." 

Nothing  but  the  physical  similarities  of  the  lines,  and  their 
evident  arrangement  in  pairs  and  tri])lets  in  the  three  spectra 
above  mentioned,  led  to  my  calculations  and  the  discovery  of 
those  relations  in  spark-spectra  which  have  been  recently 
observed  b)'  Mr.  Ames  in  the  arc-spectra  of  zinc  and  cad- 
mium. It  was  therefore  at  least  seven  years  prior  to  the 
publication  of  his  paper  that  the  importance  of  taking  into 
account  the  j)hysical  similarities  of  lines  and  groups  of  lines 
was  fully  recognized. 

Mr.  Ames  at  another  point  in  his  comuumication  makes 
the  following  statement : — •*'  The  resemblance  of  the  spectrum 
of  magnesium  to  those  of  zinc  and  cadmium  is  nuich  less 
marked  than  the  one  just  noted.  In  fact,  I  think  nearly  all 
the  points  of  similarity  given  by  Professor  Hartley  are  wrong. 
Magnesium  has,  it  is  true,  the  groups  of  triplets  :  but  their 
])hysical  properties  bear  no  a])par('nt  relation  to  those  of  the 
zinc  and  cadmium  tri[)lets.  The  l)eautiful  series  of  five  lines 
at  wave-length  2779*9  in  the  magnesium  spectrum  surelv  has 
no  companions  in  the  zinc  and  cadmium  spectra.  There  is, 
however,  one  striking  feature  common  to  all  three.  This  is 
the  presence  of  one  broad  reversed  line.  In  magnesium  it  is 
at  wave-length  2852*2  :  in  zinc,  at  wave-length  213S-3  ;  in 
cadmium,  at  wave-length  2288'1.*'  I  do  not  agree  with  ^Ir. 
Ames,  and  think  he  is  not  jtistiHcd  in  stating  the  o[)inion 
which  is  the  second  sentence  in  the  Ibregoing  quotation.    The 
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])hoto<ira]iliif  cnlurgenients  show  that  the  iiia;:ne.siuni  triplets 
are  the  same  in  character  as  those  ot"  zinc  and  cadniium.  First, 
tlie  lines  are  continuous  ;  secondly,  they  have  a  large  nimbus; 
thirdly,  they  are  extended  ;  and,  fourthly,  the  first  and  second 
lines  in  each  triplet  are  stronger  than  the  third,  which  is  the 
most  refrangible.  There  is,  however,  a  difference  in  the  first 
and  second  strong  lines  of  the  principal  trijtlet  in  cadmium, 
and  this  difference  is  common  both  to  my  spectrum  and  that 
of  Mr.  Ames  ;  namely,  the  lines  are  double. 

He  suggests  the  probability  of  the  corresponding  zinc  lines 
being  resolvable  into  doublets,  and  I  should  feel  inclined  to 
suggest  that  in  such  an  event  the  corresponding  magnesium 
lines  are  with  ecpial  ])robability  doul)lets.  But  on  the  whole 
1  do  not  think  the  zinc  lines  are  double,  as  it  rather  appears  to 
ine  that  we  must  expect  certjiin  variations  in  the  lines  of 
homologous  spectra,  and  one  of  these  is  a  splitting  of  strong 
lines  into  two  in  the  case  of  elements  with  greatly  increased 
atomic  mass,  just  as  the  intervals  between  lines  in  the  doublets 
and  triplets  in  different  spectra  becou)e  greater  with  a  definitely 
increased  quantity  of  matter  in  the  atoms.  Of  course,  imder 
such  a  condition,  lines  with  approximately  the  same  wave- 
length in  one  spectrum,  and  appearing  as  one  line,  would  be 
represented  by  corresponding  lines  in  the  spectrum  of  an 
element  of  the  same  group,  but  with  a  higher  atomic  mass, 
as  two  separate  lines.  The  individual  members  of  any  homo- 
logous series  of  organic  substances  possess  certain  j>eculiar 
properties  which  are  variations  from  those  l)elonging  to  the 
general  type  ;  this  is  particularly  the  case  with  those  terms  of 
the  series  of  high  molecular  weight,  and  elements  of  the  same 
group  exhibit  properties  which  are  still  wider  variations  from 
the  general  ])roi)erties  ;  therefore,  in  such  a  matter  as  the  con- 
stitution of  spectra  it  would  indeed  be  strange  if  the  latitude 
in  such  variations  were  not  still  greater.  For,  as  the  properties 
which  the  elements  of  the  same  group  possess  in  common  are 
fewer  in  number  than  those  held  in  common  by  homologous 
series  of  organic  substances,  the  constitution  of  the  spectra 
mav  be  ex])ected  to  be  less  strictly  defined.  In  other  words, 
the  spcH'trum  of  an  element  may  be  conceived  as  being  the 
ex])ression  of  the  vibrations  which  are  caused  by  all  the  mole- 
cular movements  upon  which  the  properties  of  the  molecules 
dejxMid, 

AVith  regard  to  the  nine  most  refrangible  lines  in  mag- 
nesium, zinc,  and  cadmium,  I  can  affirm  that  in  each  sp(>ctrum 
thev  form  a  very  striking  gronjt.  particulaily  so  in  magnesium 
aufl  zinc. 

()t'tlic  gr(iii]i>  coniju-j.^iiig  the  tir^i  four  of  the  nine  lines  in 
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each  spectrum  the  exact  similarity  in  constitution  is  douhtfiil, 
and  this  I  have  attrihuted  more  to  inaccuracies  in  the  measure- 
ments in  this  j)art  of  the  zinc  and  cadmium  s])ectra  than  to 
any  diflt'orences  in  [)hysical  characters  of  the  lines.  As  far  as 
i-ecorded  obsiu'vations  show,  the  last  group  of  five  lines  appear 
to  be  homologous  in  the  three  spectra.  They  are  all  con- 
tinuous lines,  sharp,  and  only  slightly  extended,  but  exhibit- 
ing certain  differences  which  might  be  accounted  for  by  the 
atomic  mass  of  the  elements  being  diffei'ent 

It  may  be  remarked  that  Mr.  Ames  apf)ears  to  have  worked 
only  with  arc-spectra, and  thathe  has  had  the  advantage  of  using 
a  Rowland  concave  grating  of  great  power  ;  notwithstanding 
the  amount  of  dispersion  at  command,  the  lines  which  he 
describes  as  single  are  single  in  my  spectra,  and  those  which 
he  finds  to  be  double  are  also  described  as  such  by  me.  In 
fact,  by  th(^  use  of  prisms  for  ])hotographing,  and  a  magni- 
fying power  of  from  25  to  50  diameters  for  examining  the 
photograjdis,  an  extraordinary  dispersion  in  the  ultra-violet 
is  easily  obtained.  There  are  some  advantages  in  the  use  of 
prism-spectra,  first,  because  there  is  very  little  loss  of  light 
and  the  exposure  is  not  unduly  prolonged  ;  secondly,  the  dis- 
tinctive features  of  the  lines  are  much  more  pronounced. 

The  study  of  homologous  spectra  I  believe  will  lead  to  an 
elucidation  of  the  constitution  of  the  chemical  elements  ;  but 
before  this  field  of  inquiry  can  be  made  highly  productive 
there  is  need  for  a  revision  of  the  wave-lengths  of  some  of  the 
extreme  rays  in  the  ultra-violet  spectra,  and  we  require  also 
a  means  of  jdiotographing  wirh  facilitv  from  wave-lengths 
2000  to  1800  or  further. 
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A  Short  Coxirse  of  Experiments  in  Phi/sical  Measurement.  Bif 
Harold  Whiting,  Instructor  in  Physics  at  Unrvnrd  University. 
Part  II. :  Sound,  Di/namics,  Jlagnetism,  and  E/n-tricity.  (Cam- 
bridge, Massachusetts  :  John  Wilsou  &  Sou.) 

''PHE  volume  before  us  is  issued  as  the  second  part  of  an 
-^  elementary  treatise  on  practical  pliysical  measurements,  of 
which  the  first  part  \\as  published  about  a  year  ago,  aud  has 
previously  been  noticed  in  this  Magazine.  A  hope  was  then 
expressed  that  the  figures  and  pictures  of  apparatus  would  be 
improved  in  the  succeeding  volumes,  but  we  regret  that  this  hope 
has  not  been  realized.  On  opening  the  book  we  are  immediately 
confronted  by  some  of  the  worst  woodcuts  which  we  ever 
remember  to  have  seen  in  any  scientific  work.  In  the  case  of 
simple  diagrams,  where  there  are  no  shaded  [)arts,  the  ligiuva  are 
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iiit(;]ligil>le  ami  in  some  cases  fairly  i^ood,  but  wherever  any  sliadiiijEj 
has  been  att(;iMpted  th<^  detail  is  entirely  obscured  and  the  figure  ren- 
dered almost  or  quite  worthless.  As  examples  of  this,  the  diagrams 
of  the  pulley-blocks  (p.  '470)  and  of  the  speed-counter  (p.  olio) 
may  be  mentioned,  though  these  are  not  chosen  as  being  con- 
spicuously bad.  In  other  cases  the  figure  is  spoiled  by  a  too  great 
similarity  between  different  parts  of  the  apparatus,  as  in  the 
ammeter  (p.  4(56),  where  the  coil  conveying  the  current  and  the 
controlling  horseshoe  permanent  magnet  are  drawn  so  as  to  look 
exactly  like  two  parallel  coils :  or,  again,  in  the  sketch  of  Poggen- 
(lorff's  method  of  comparing  electromotive  forces  (p.  531 ),  in  whieh 
the  traditional  diagram  has  been  departed  from,  and  a  very 
remarkable  series  of  circles  put  in  its  place. 

It  is  to  be  regretted  that  the  work  of  the  engraver  has  been  so 
badly  executed,  since  the  book  is  on  this  account  debarred  in  a 
great  measure  from  use  by  any  except  those  who  have  access  to 
the  actual  apparatus  described  (presumably  that  of  Harvard  Uni- 
vei'sity).  The  text  and  the  order  in  which  the  experiments  are 
given  are  both  good,  and  maintain  the  standard  of  the  first  volume. 
We  find  in  many  experiments  special  devices  referred  to  wliich 
should  materially  help  to  increase  the  degree  of  accnracy  obtain- 
able. As  an  instance  we  mav  mention  the  use  of  the  micrometer- 
screw  to  measure  the  amount  of  bending  of  a  loaded  beam  ;  the 
point  of  the  screw  touching  the  beam  closes  an  electric  circuit  and 
rings  a  bell.  Some  few  omissions  have,  as  we  think,  been  made  ; 
nothing  is  said,  for  example,  about  the  water  voltameter,  althougli 
the  direct  comparison  of  the  electrochemical  equivalents  of,  say, 
copper  and  hydrogen,  is  a  very  easy,  satisfactory,  and  instructive 
experiment,  the  results  of  which  are  independent  both  of  the 
constancy  of  the  current  used  and  of  its  duration.  Moreover,  the 
experiment  affords  a  good  example  of  the  correction  of  the  volume 
of  a  gas  for  temperature  and  pressure. 

In  our  perusal  of  the  book  we  have  noted  one  or  two  misprints 
in  the  text,  which  will  scarcely  lead  to  mistakes  or  confusion, 
except,  perhaps,  in  the  description  of  experiment  OS,  where 
Leclanche  is  spelt  licchanche  throughout.  A  dash  is  omitted  in 
each  of  the  formuhe  (o)  and  ((>),  p.  441,  and  in  the  lower  formula 
of  page  ."ifi.M  the  d  should  be  i  in  order  to  accord  with  a  previous 
formula  there  referred  to. 

James  L.  Howaro. 

7'hc  Steam- Em  line  considered  as  a  Thermodtjnamic  Machine :  a 
Treatise  on  the  Thermodi/namic  Efficiencij  of  Steaw-Emjincs,  illus- 
trated hi/  ilia</ra»is,  tahlcs,  anil  examples  from  practice.  Bij  J.  H. 
CoTTKini-L,  F.ILS.     (Loudon  :   E.  i*;:  F."  X.  Spun.  1S90.   '  Pp.  xi 

+  42(i.) 

TiiK  first  editio!i  of  this  work  was  publishetl  in  December  1S77, 
niul  was  intended  "to  serve  as  an  introduction  to  applied  thermo- 
dvnamics,  while  at  the  same  time  an  attempt  was   made  to  study, 
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more  completely  than  had  hitherto  been  done,  the  process  of  the 
conversion  of  heat  into  work  in  steam-engines."  The  treatise  has 
been  long  out  of  print,  and  so,  with  a  diffidence  it  is  hard  to  under- 
stand, the  author  has  brought  out  the  present  edition.  This 
reluctance,  however,  is  due  to  the  thought  that  so  great  progress 
has  been  made  since  1S77,  that  some  might  wish  that  a  new  work 
had  been  wi'itten  rather  than  a  new  edition  of  an  old  one  published. 
The  present  volume  contains  eleven  chapters,  accompanied  by  sets 
of  useful  Tables,  and  followed  by  an  appendix  containing  Notes 
and  Addenda.  The  first  nine  chapters  in  the  main  are  a  reprint, 
but  numerous  additions  and  improvements  have  been  made  in  them 
to  bring  the  work  up  to  date.  These  additions  are  more  especially 
indicated  in  the  Appendix.  For  the  benefit  of  such  as  have  not 
a  copy  of  the  work,  we  briefly  note  the  subjects  discussed  in  these 
chapters.  The  first  treats  of  the  physical  properties  of  steam, 
the  author  then  coming  to  thermodynamics,  discusses  the  con- 
vertibility of  heat  and  work,  and  treats  of  the  formation  of  steam 
in  a  closed  vessel,  and  of  internal  work  in  general.  Chapters  3, 
4,  and  5  are  taken  up  with  a  preliminary  theory  of  the  Steam- 
Engine,  an  account  of  Air-  and  Gas-Engines,  statement  of  the 
Second  Law  of  Thermodynamics,  an  enunciation  and  explanation  of 
Carnot's  principle,  and  accounts  of  some  perfect  Thermodynamic 
Machines.  Chapter  G  is  devoted  to  the  generation  and  expansion 
of  Steam.  In  Chapter  7  we  have  extensions  of  Carnot's  principle, 
of  the  adiabatic  equation  (with  numerical  examples),  and  the  con- 
nexion between  adiabatic  curves,  with  a  discussion  of  several  other 
matters  bearing  upon  the  subject  of  perfect  engines  with  any  given 
cycle.  The  losses  of  efficiency  in  Heat-Engines  occupy  chapter  8, 
and  clearance  and  wire-drawing  form  the  subject-matter  of  chapter 
9.  The  last  two  chaptei's  have  been  completely  rewritten  ;  this  is 
in  consequence  of  the  attention  which  has  of  late  years  been  paid 
to  this  branch  of  the  subject,  viz.,  the  action  of  the  sides  of  the 
cylinder  and  of  water  remaining  after  exhaust,  and  the  conditions 
of  economical  working  of  Steara-Engines.  They  occupy  one 
quarter  of  the  book,  and  contain  much  matter  of  interest.  If  the 
statements  made  in  this  concluding  part  meet  with  acceptance,  and 
some  little  time  must  elapse  before  a  sufficient  trial  can  be  made 
of  them,  then  the  author's  success  will  be  as  great  as  it  was  upon 
the  appearance  of  the  first  edition.  Every  one  must  wish 
that  "the  not  inconsiderable  amount  of  time  and  labour  which 
has  been  spent  in  its  preparation"  by  one  whose  time  is  well 
occupied  with  regular  professorial  work,  may  meet  with  an 
ample  reward.  The  book  is  elegantly  got  up, and,  notwithstanding 
the  early  clerical  error  (p.  iv)  of  "then"  for  "than,"  is,  we 
think,  printed  with  extreme  accuracy. 
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ON  THE  REFLEXION  OF  RAYS  OF  ELECTRICAL  FORCE  FROM  PLATES 
OF  METAL  AND  OF  SULPHUR.  BY  PROF.  KLEMENCIC,  IN  GRATZ. 

^piIE  author  has  undertaken  to  investigate  the  reflexion  of  the 
-*-  rays  of  electrical  force  at  a  dielectric  plate  of  sulphur  and  at  a 
zinc  plate,  both  qualitatively  and  quantitatively ;  and  to  compare 
also  in  this  respect  the  behaviour  of  these  rays  with  those  of  light. 

In  investigating  the  rays,  he  used  secondary  inductors  with 
interposed  thermopile,  as  has  been  already  described  in  a  previous 
])aper  (Phil.  Mag.  vol.  xxx.  p.  284).  Two  inductors  were  used  this 
time — the  one  as  a  standard,  the  other  as  the  proper  movable 
secondary  inductor. 

The  reflexion  took  place  against  a  sulphur  plate,  the  dimen- 
sions of  which  were  120  centim.  by  80  by  7,  and  which  was 
made  up  of  twelve  bricks  ;  the  dimensions  of  the  zinc  plate  were 
the  same  except  in  the  matter  of  thickness,  which  was  far  less. 
In  addition  to  this,  the  author  investigated  the  portion  of  the 
rays  transmitted  by  the  plates.  The  experiments  on  the  reflexion 
of  metals  were  completed  by  observations  on  a  wire  grating,  and 
on  a  round  zinc  plate.  The  dimensions  of  the  reflecting-plate  and 
of  the  mirror  permitted  the  investigation  only  of  the  incident 
angles  ',W  and  65°. 

Jietween  the  reflexion  at  the  zinc  plate  and  that  of  the  sulphur 
plate,  it  has  been  found  that  there  was  a  difference,  which  quiilita- 
tively  corresponds  to  the  deportment  of  the  rays  of  light.  The 
intensity  of  the  reflexion  is  different  according  to  the  direction  of 
vibration  of  the  rays.  With  the  sulphur  plate  there  is  a  powerful 
reflexion  under  all  angles  of  incidence,  if  the  vibrations  are  at 
right  angles  to  the  plane  of  incidence.  It  is  otherwise  with  rays 
in  which  the  vibrations  are  parallel  to  the  plane  of  incidence.  In 
this  case  a  faint  reflexion  is  found  only  with  small  angles  of  inci- 
dence ;  the  intensity  of  the  same  increases  with  increasing  angle 
of  incidence ;  and  at  60°  to  r»5°  no  perce])tible  reflexion  could  be 
established  with  the  methods  here  employed.  This  fact  agrees 
very  well  with  the  optical  relations,  in  so  far  that  from  the  refrac- 
tive indices  of  sulphur  there  is,  in  fact,  a  polarizing  angle  of 
between  00°  and  65°.  As  regards  the  question  of  the  direction  of 
vibration  in  polarized  light,  the  conclusions  which  result  from  these 
experiments  are  the  same  as  those  found  by  Troughtou  ('  Nature,' 
xxxix.  p.  391).  It  was  further  observed  that  the  intensity  of  the 
i-iiy  transmitted  by  the  sulphur  plate  was  the  opposite  of  that  of 
reflexion. 

Although  for  individual  angles  of  incidence  the  results  obtained 
by  calculations  with  Fresnel's  formula  for  intensity  are  in  good 
agreement,  yet,  in  general,  this  does  not  hold.  Some  remarkable 
phenomena  occur  which  do  not    harmonize  with  the  behaviour  of 
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rays  of  light,  which  have  probably  their  origin  in  the  fact  that  the 
dimensious  of  the  reflecting  ray  are  too  small  in  comparison  with 
the  wave-length  of  the  ray. —  Wiener  Berichte,  Feb.  19,  IbOl. 


ON  THE  OPTICAL  PROPERTIES  OF  a-MONOBROMONAPHTHALIXE. 
BY  B.  WALTER. 

It  frequently  occurs  in  researches  on  fluorescence,  phosphor- 
ence,  &c.,  that  the  well-known  powerfully  dispersive  media  prisms 
of  flint  glass  and  of  carbon  bisulphide  cannot  be  used,  because  they 
completely  extinguish  the  ultra-violet  portion  of  the  spectrujn.  It 
is  therefore  of  interest  to  direct  attention  to  the  remarkable  pro- 
perty of  at-monobromonaphthaline,  which,  in  addition  to  its  great 
dispersive  power,  has  also  a  rt'niarkahhj  complete  transparency  for 
ultra-violet  rays.  For  instance,  I  caused  the  spectrum  produced  by 
a  hollow  prism  filled  with  this  material  to  fall  on  a  trough  con- 
taining solution  of  aesculine,  and  I  could  observe  the  solar  spectrum 
in  the  ultra-violet  beyond  N.  That  the  absorption  which  occurred 
from  this  point  was  not  caused  by  the  monobromonaphthaline,  but 
by  the  various  glasses  which  1  had  to  use,  follows  from  the  fact 
that  the  spectrum  was  the  same  whether  I  allowed  the  rays  to  pa>s 
near  the  base  or  near  the  apex  of  the  prism.  By  comparing 
photographs  of  diffraction-spectra  with  those  of  monobromo- 
naphthaline, I  am  convinced  that  the  absorption  of  ordinary  crown 
glass  extends  just  into  those  regions. 

If,  in  addition  to  these  properties  of  great  dispersion  and  trans- 
missibility  for  ultra-violet,  we  remember  that  its  boiling-point  is  at 
277°  C,  that  it  has  not  the  objectionable  smell  of  carbon  bisulphide, 
and  that  its  refractive  index  for  each  degree  Centigrade  only 
increases  by  0-0^48  instead  of  OO38O  with  carbon  bisulphide,  we 
shall  see  that  optical  science  has  a  very  valuable  acquisition  in  this 
substance.  It  is  said  that  it  alters  somewhat  with  time;  but  this 
cannot  be  very  considerable,  as  the  liquid  in  my  possession  has 
still  the  same  properties  without  alteration  as  at  first.  My  deter- 
minations also  of  the  refractive  indices  agree  very  well  with  the 
individual  statements  of  the  older  observers  (Fock  and  Pulfrich); 
but  they  differ  from  those  of  Dufet  {Journal  tie  PJnjsic^ue  [2]  iv. 
p.  415,  1885),  although  both  preparations  proceed  from  the  same 
source. 

Eefractive  indices  of  a-monobromonaphthaline  at  20°  C. : — 

A.  a.  B.  C.  D.  E. 

1-64051       1-04367       1-64638       1-64948       1-Oo820       1-67049 
F.  Hy.  G.  H^.  H. 

1-68195       1-70410       1-70595       1-71855       1-72893. 

The  letters  refer  generally  to  Fraunhofer's  lines,  excepting  11., 
and  H3,  which  denote  hydrogen-lines.  The  refractive  index  of  the 
D  line  decreases  0-0^48  for  1^     The  density  of  my  monobromo- 
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naphthaline  amounts  to  1-4916  afc20^  and  decreases  0-0370  for  1°  C. 
The  preparation  was  obtained  from  Dr.  Schuchardt  in  Gcirlitz. — 
Wiedemann's  Annalen,  No.  3,  1891. 


ON  THE  LINE  SPECTRA  OF  THE  ELEMENTS  OF  MENDELEJEFp's 
SECOND  GROUP.   BY  PROF.  KAYSBK  AND  PROF.  RUNGE. 

After  we  had  examined  the  spectra  of  the  elements  of  Men- 
delejeff's  first  group,  and  had  found  that  thej  were  built  up  entirely 
in  accordance  with  law,  we  passed  to  the  elements  of  the  second 
group,  with  the  exclusion  of  beryllium.  Here  also  we  have 
succeeded  in  finding  an  entirely  homologous  structure  of  the 
spectra ;  while  for  the  alkalies,  pairs  of  lines  were  characteristic 
which  either  showed  variable  dilference  of  vibration  (principal  series) 
or  constant  difference  of  vibration  (secondary  series),  the  elements 
of  the  second  group  are  characterized  by  triplets  of  lines.  Each 
element  has  constant  differences  of  vibration  y^  and  v^  both  be- 
tween the  first  and  second  and  second  and  third  line  of  all  triplets. 
Of  the  triplets  of  each  element,  one  portion  is  stronger  and  less 
sharp ;  they  form  a  series  of  triplets  the  lines  of  which  can  be 
represented  with  great  accuracy  by  the  equation  which  we  used  with 
the  alkalies, 

We  call  those  tlie  first  secondary  series.  The  other  triplets  are 
fainter,  but  sharper,  broadened  only  on  the  side  of  the  longer 
waves.  They  also  form  a  series,  our  second  secondfiri/  series.  For 
Mg,  Ca,  Zn,  Cd,  llg,  we  have  found  the  first  and  second  series,  for 
Su  only  the  first,  while  for  Ba  we  have  not  been  able  to  find  any 
series. 

According  to  their  spectra  the  elements  fall  into  two  divisions — 
Mg,  Ca,  Sr,  and  Zn,  Cd,  llg ;  the  latter  three  more  especially  pre- 
sent various  common  phenomena  on  which  this  is  not  the  place  to 
enter.  In  each  division,  with  increase  of  atomic  weight  the  series 
move  towards  the  side  of  the  longer  waves,  as  is  also  the  case  with 
the  alkalies.  In  this,  however,  the  second  division  is  displaced  to- 
wards the  side  of  the  shorter  waves. 

While  all  lines  of  the  spectrum  were  taken  up  by  the  series  in 
tlie  case  of  the  alkalies,  in  the  present  case  this  is  not  so;  about 
half  the  lines  observed  are  superfluous  in  each  spectrum.  For  a 
number  of  them  we  have  also  found  regularities,  since  they  form 
t'lther  pairs  with  definite  distances  ortriplets;  in  auycase  the  number 
of  lines  which  are  apparently  distributed  over  the  spectrum  without 
any  regularity  is  a  toleral)ly  large  one. 

The  regular  disjilacement  of  a  spectrum  from  one  element  to 
another  finds  a  natural  expression  in  a  regular  variation  of  the 
constants  of  our  formula. — Berlitier  Berichte,  Feb.  19,  1891. 
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[Plate  VIII.] 

IT  has  long  been  well  known  that  certain  salts  exercise  a 
marked  influence  on  the  solubility  of"  others,  when  the 
two  are  simultaneously  dissolved  in  water  to  saturation.  In 
some  cases  the  amount  dissolved  of  both  salts  is  greatly  in- 
creased, in  others  as  markedly  diminished  ,  while  in  other 
instances  one  of  the  salts  has  its  solubility  greatly  affected 
while  that  of  the  other  is  either  unaltered  or  changed  in  the 
opposite  direction.  The  whole  of  these  phenomena  may  be 
conveniently  grouped  under  the  heading,  "  The  Mutual  Solu- 
bility of  Salts,"  which  forms  the  title  of  this  communication  ; 
but  it  is  obvious  that  some  limitation  must  be  made,  otherwise 
it  would  include  cases  where  chemical  decomposition  might 
take  place  attended  by  precipitation.  Though  these  are 
clearly  inadmissible,  there  are  other  instances  which  would  at 
first  sight  appear  to  come  under  the  title,  but  will  on  reflection 
be  found  to  be  similar  to  the  above.  Thus  all  cases  where  re- 
arrangement of  the  constituents  of  the  salts  is  possible  must 
be  at  present  excluded  ;  for  our  knowledge  of  the  nature  of 
solution  does  not  enable  us  to  say  what  happens  when  two 
salts  MR  and  M'R'  are  simultaneously  dissolved  in  water  :  we 
do  know  that  the  solution  is  identical  witli  that  formed  by 

*  Communicated  by  the  Author. 
Phil.  Mag,  S.  5.  Vol.  31.  No.  192.  Mag  1891.         2  E 
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dissolving  M'R  and  MR',  but  we  cannot  tell  which  pair  of  the 
four  possible  salts  is  present,  nor  indeed  can  we  decide 
definitely  that  all  four  salts  are  not  formed  in  the  solution. 
Af^ain,  cases  where  the  salt  expelled  from  solution  by  the 
addition  of  another  salt  is  a  well-defined  double  salt  must  also 
be  excluded  :  for  example,  the  separation  of  alum  from  a 
solution  of  aluminium  sulphate  by  the  addition  of  potassium 
sulphate  ;  for  here  we  no  longer  have  to  deal  with  only  two 
salts  but  with  three,  the  third  being  formed  by  the  union  of 
the  original  pair,  but  whether  this  union  has  taken  place  in 
the  solution  or  only  at  the  moment  of  separation  we  cannot 
tell.  This  objection  also  holds  good  with  regard  to  the  well- 
defined  double  salts  which  are  more  soluble  than  one  or  both 
of  their*  constituents,  such  as  HgCl22NH4Cl  ;  here  too  there 
may  be  three  salts  pres(mt  in  the  solution.  In  all  these 
instances,  in  addition  to  the  objections  already  stated,  there  is 
the  further  fatal  one,  that  the  composition  of  the  resulting 
solution  is  dependent  on  the  mass  of  the  undissolved  salt. 

The  subj(^ct  is  therefore  restricted  to  the  case  of  isomorphous 
salts  which  crystallize  together  in  any  proportion,  and  to 
those  salts  which,  though  not  isomorphous,  do  not  form  double 
salts.  As  yet  I  have  examined  the  behaviour  only  of  those 
salts  which  do  not  form  mixed  crystals. 

Very  numerous  and  careful  experiments  have  already  been 
made  on  tliis  subject  from  one  standj)oint.  Kopp,  Karsten, 
Mulder,  and  Riidorft'  have  determined  the  amount  dissolved  of 
each  member  of  a  pair  of  salts  when  water  is  treated  with 
excess  of  both  salts  simultaneously.  The  work  of  Kopp*, 
who,  so  far  as  I  am  aware,  was  the  first  systematic  investi- 
gator in  this  branch  of  solution,  for  we  may  pass  over  the  few- 
experiments  of  Vauquelint,  led  hnn  to  two  main  conclusions 
as  to  the  behaviour  of  salts,  when  simultaneously  dissolved 
in  water  to  saturation.  Kopp  found  that  the  salts  examined 
by  him  fell  into  one  or  other  of  the  following  classes  : — 

1.  Salts  xoitJi  the  same  metal  hut  with  (liferent  acid  radicals. — 
In  this  case  neither  of  the  salts  ever  retains  the  same  solubihty 
as  in  pure  water,  each  salt  affects  the  solubility  of  the  other  ; 
as  a  rul(i  the  amount  dissolved  of  one  of  the  salts  is  increased, 
while  that  of  the  other  is  diminished. 

2.  Two  salts  of  different  metals  but  the  same  acid  radical. — 
"  Here  the  rule  holds  that,  provided  there  is  no  chemical 
action  of  the  salts  on  one  another,  the  salt  with  the  stronger 
base  retains  its  own  special  solubility,  exactly  as  if  the  other 

*  Anv.  der  Vhemie  uml  Vharm.  vol.  xxxiv.  (1840). 
t  Ann.  lie  Cfiiin.  xiii.  p.  b(J  (17it2). 
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were  not  present,  and  this  last  dissolves  in  the  solution  of  the 
first  in  pro])ortions  which  cannot  he  determined  a  priori." 

Kopp  found  some  exceptions  to  this  rule,  hut  helieved  that 
in  these  cases  double  salts  were  formed  which  were  capable 
of  existence  only  in  solution,  being  decomposed  on  removal 
of  the  solvent ;  and  pointed  out  that  in  this  respect  as  in  many 
others  sodium  behaves  quite  differently  from  potassium. 

This  second  law  of  Kopp  breaks  down  completely  when 
extended  to  any  large  number  of  salts,  as  will  be  seen  by  an 
examination  of  the  Table  of  results  of  other  experimenters 
given  by  me  in  a  previous  paper*. 

Next  in  order  of  time  come  the  experiments  of  Karsten  t, 
who  performed  numerous  experiments  on  this  subject  and 
arrived  at  the  following  conclusions  with  regard  to  the  mutual 
solubility  of  salts  in  the  restricted  sense  mentioned  above. 

1.  The  salt  A  precipitates  a  portion  of  the  salt  B  from  its 
saturated  solution,  but  this  is  also  conversely  true,  so  that 
for  any  given  temperature  the  proportions  of  A  and  B  are 
constant.  This  Karsten  calls  "  Die  Auflosuuo-  mit  wechsel- 
seitiger  Absonderung.' 

2.  The  salt  A  precipitates  a  portion  of  B  from  its  saturated 
solution  until  the  quantity  dissolved  of  A  is  the  same  as  in 
a  saturated  solution  of  that  salt  alone  ;  on  the  contrary,  the 
addition  of  B  does  not  precipitate  A  from  its  saturated 
solution.  "Die  Auflosung  mit  einseitiger  Absonderung" 
(Kopp^'s  second  Rule). 

3.  The  salt  A  dissolves  in  the  saturated  solution  of  B,  and 
the  salt  B  in  the  saturated  solution  of  A,  and  no  precipitation 
takes  place.  "  Die  Auflosung  ohne  Absonderung."  With  the 
salts  belonging  to  this  class,  three  diiferent  saturated  solutions 
exist,  formed  as  follows  : — 

(a)   Excess  of  A  added  to  saturated  solution  of  B. 
{b)  Excess  of  B  added  to  saturated  solution  of  A. 
(c)   Excess  of  A  and  B  added  to  water. 
The  somewhat  cumbrous  classification  of  Karsten  resolves 
itself  on  reflection  into  : — 

(1)  The  solubility  of  both  salts  is  diminished. 

(2)  The  solubility  of  one  salt  is  unaffected,  that  of  the  other 
diminished. 

(3)  The  solubility  of  both  salts  is  increased. 

The  next  important  researches  on  this  subject  are  those  of 
Mulder^,  who  in  1864  pubHshed    a  monograph  on  solution 

*  PhU.  Mag.  1884,  xvii.  p.  -OS?. 
t  Ann.  dev  Chem.  und  Phann.  xl.  p.  197. 

X  BijdrcKjen  tut  de  Geschiedenis  ran  het  Schfikundig  gehonden  Watevt 
Ilotterdiiui,  1804. 
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wliicli  is  of  the  greatest  possible  interest  and  importance.  In 
it  he  not  only  gives  the  results  and  conclusions  from  his  own 
experiments,  but  has  incorporated  the  work  of  all  previous 
experimenters.  He  worked  with  a  very  large  number  of  salts, 
his  experimental  skill  and  accuracy  are  of  the  highest  order, 
and,  as  a  rule,  his  results  are  completely  to  be  depended  on, 
not  by  any  means  a  common  thing  in  researches  on  solution. 
I  need  not  therefore  apologize  for  devoting  some  considerable 
space  to  an  examinaiion  of  his  results. 

Mulder  states,  as  the  results  of  his  experiments,  that  he 
knows  of  no  better  classification  of  salts,  so  far  as  their 
mutual  solubility  is  concerned,  than  into  the  three  following 
divisions : — 

(1)  Salts  the  amounts  of  which  in  a  saturated  solution  are 
dependent  entirely  on  the  nature  of  the  solid  salts. 

(2)  Salts  the  saturated  solutions  of  which  are  dependent  on 
th(^  affinity  of  the  respective  salts  for  water. 

(3)  Salts  which  resemble  those  in  both  of  the  foregoing 
classes,  and  consequently  behave  now  in  one  way  and 
now  in  another  according  to  the  amount  of  either  salt 
present. 

(1)  Solutions  of  salts  belonging  to  this  class  contain,  when 
saturated,  according  to  Mulder,  the  constituent  salts  in  simple 
equivalent  proportions,  and  the  saturated  solution  has  the 
same  com})Osition  whether  it  is  prepared  by  adding  salt  A  to 
a  saturated  solution  of  B,  or  vice  versa,  or  by  adding  both  salts 
in  excess  to  water. 

(2)  This  second  class  of  salts  is  divided  into  two  sub- 
classes : — 

(«)   The  solubility  is  dependent  on  that  of  one  of  the  salts. 

In  this  case  we  have  to  deal,  according  to  Mulder,  with 
double  salts  in  solution,  one  of  the  constituents  of  which  be- 
haves as  if  it  were  the  only  salt  present,  dissolving  in  the 
water  as  if  it  were  alone  and  yet  permitting  of  the  solution  of 
a  quantity  of  the  other  salt,  with  the  result  that  the  salts  are 
present  in  a  simple  molecular  proportion. 

(/>)    The  solubility  is  dependent  on  that  of  both  salts. 

We  have  here  the  remarkable  fact  that  in  a  saturated 
solution  of  one  salt  another  may  be  dissolved,  and  that  to  the 
same  extent  as  in  pure  water,  while  the  solubility  of  the  first 
salt  also  remains  unatfected.  In  this  case  also  the  salts  are 
present  in  simple  molecular  proportions. 

Mulder  lays  great  stress  on  the  existence  of  this  simple 
molecular  relation  between  the  salts  present  in  a  s;iturated 
solution,  and  sees  in  it  clear  proof  of  the  existence  of  double 
salts   in  solution  and  of  the  chemical  nature  of  solution  in 
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general.  He  has  not,  however,  succeeded  in  obtaining  a 
single  one  of"  these  double  salts  in  the  solid  form  and  in 
definite  crystals  ;  and  it  will  bo  found,  on  comparing  his  results 
with  those  of  lUidorft',  that  the  difference  of  a  few  degrees  in 
the  temi)erature  of  experiment  is  sufficient  to  effect  a  radical 
change  in  the  proportions  of  the  two  salts,  an  effect  which  is 
extremely  improbable  if  such  double  salts  really  existed  in 
solution.  Mulder's  double  salts,  in  all  probability,  owe  their 
supposed  existence  to  the  arithmetical  ])ossibility  of  fitting  a?i_j/ 
experimental  ratio  very  closely  by  ratios  such  as  1:2,  2:3, 
3:4,  4:5,  &c. 

Jliidorff''^,  the  latest  experimenter  on  the  mutual  solubility 
of  salts  when  dissolved  to  saturation,  has  performed  an  im- 
mense number  of  very  careful  and  exhaustive  experiments  not 
only  with  salts  between  which  chemical  action  is  impossible, 
but  also  with  those  where  double  decomposition  may  take 
place.  Vie  are  here  concerned  only  with  the  former.  He 
found  that  these  divide  themselves  into  two  groups.  With 
some  salt  mixtures,  as  for  instance  nitrate  and  chloride  of 
annnonium,  we  obtain  always  one  and  the  same  saturated 
solution,  if  only  an  excess  of  both  salts  be  employed,  no  matter 
in  what  relative  proportions  the  excess  of  both  salts  is  brought 
in  contact  with  the  water.  With  other  salts,  however,  such 
as  ammonium  and  potassium  nitrates,  the  composition  of  the 
resulting  solution  is  dependent  on  the  proportions  in  which 
the  two  salts  are  presented  to  the  water,  which  is  insufficient 
to  completely  dissolve  either  of  them.  An  excess  of  the  one 
drives  out  a  definite  amount  of  the  other  salt,  so  that  it  is  not 
possible  with  these  salts  to  prepare  a  saturated  solution  on 
which  one  or  other  of  the  salts  is  without  action. 

In  his  later  paper  on  the  same  subject,  he  extends  his 
experiments  to  many  other  pairs  of  salts,  with  the  general 
residt  that,  so  far  as  we  are  here  concerned,  it  is  only  those 
salts  which  are  not  isomorphous  nor  form  double  salts,  nor  form 
mixed  ci'ystals,  that  are  capable  of  forming  definite  saturated 
solutions — solutions,  the  composition  of  which  is  unaftected 
by  the  addition  of  either  of  the  salts  in  the  solid  state.  A 
fuller  account  of  Riidorff 's  later  work  has  already  been  given 
by  me  in  a  pa[)er  on  the  "  Saturation  of  Salt  Solutions." 

The  work  of  the  other  experimenters  on  this  subject  does 
not  call  for  any  s[)ecial  comment,  as  the  greater  part  of  it  refers 
to  individual  cases,  and  is  not  sufficiently  extended  either  in 
its  aim  or  execution  to  allow  of  any  generalization  being  made 
from  it. 

Though  so  much  has   been  done  by  the  four  investigators 
*  Wiedemann's  Annalen,  xxv.  p.  020. 
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mentioned  jibove  in  their  endeavour  to  ascertain  the  laws  of 
mutual  solubility  of  salts,  it  does  not  seem  to  have  occurred  to 
any  one  that  only  one,  and  that  the  least  promising  side  of  the 
question,  had  been  attacked.  With  the  exception  of  a  few 
incidental  experiments  of  RiidorfF,  the  attention  of  chemists 
has  always  been  directed  to  the  saturated  solutions  of  both 
salts  ;  no  one  has  realized  the  importance  of  experiments  on 
the  solubility  of  a  salt  in  a  non-saturated  solution  of  another ; 
and  yet  a  moment's  thought  will  suffice  to  connnce  one  that 
it  is  in  this  way,  and  in  this  way  only,  that  the  problem  of 
mutual  solubility  can  be  solved.  The  influence  of  a  salt  on 
the  solubility  of  another  cannot  possibly  be  studied,  if  only 
one  determination  be  made  of  the  condition  of  equilibrium  in 
the  system  of  two  salts  and  water.  No  matter  how  frequently 
or  how  accurately  this  one  determination  is  made,  it  will 
throw  no  light  on  the  question  under  examination.  Several 
years  ago,  soon  after  the  pubhcation  of  my  previous  paper  on 
the  subject,  I  was  struck  with  the  futility  of  the  methods 
hitherto  adopted,  and  commenced  a  series  of  experiments  on 
an  entirely  iresh  field  of  investigation  ;  the  progress  of  this 
work  has  been  reported  on  from  time  to  time  to  the  British 
Association  for  the  Advancement  of  Science  by  the  Committee 
"  On  the  Nature  of  Solution,"  of  which  I  have  the  honour  to 
be  Secretary. 

The  work  had  for  its  object  the  determination  of  the 
solubility  of  one  member  of  a  pair  of  salts  in  solutions  of 
various  strengths  of  the  other  member,  and  vice  versa.  In 
this  way  it  was  hoped  that  the  series  of  experiments  on  solu- 
tions of  gradually  increasing  strengths  would  throw  light  on 
the  action  of  the  one  salt  on  the  solubility  of  the  other,  and 
thus  lead  to  a  full  knowledge  of  the  condition  of  equilibrium  in 
the  saturated  solution  of  both  salts.  How  far  this  hope  has 
beeii  fulfilled  will  be  seen  below. 

Th(>  course  of  exjicriment  was  as  follows  : — 

A  salt  was  taken,  and  solutions  containing  1,  2,  &c.  gramme- 
molecules  of  this  salt  in  100  gramme-molecules  of  water  were 
})repared.  These  solutions  were  then  saturated  at  a  definite 
temperature  with  the  other  salt  added  in  excess,  and  the  total 
salt  in  solution  determined  ;  precisely  similar  ileterminations 
were  made  with  detinite  molecular  solutions  of  the  other  salt. 
The  solubility  of  I'ach  salt  separately  in  water  at  that  tempe- 
rature was  then  determined,  and,  finally,  the  solubility  of  both 
salts  when  simultaneously  added  in  excess  to  water  was  also 
ascertained. 

The  first  (litfieulty  met  with  was  that  of  ensuring  saturation; 
for  the  conditions  of  experiment  necessitated  the  greatest  care 
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that  the  water  present  should  not  be  lost  by  evaporation, 
otherwise  the  composition  of  the  solvent  sohition  would  be 
altered.  The  thoronghly  efficient  method  of  mixture,  by 
blowing  air  through  the  solution,  previously  em])loyed  by  me, 
could  not  therefore  be  a})plicd.  Recourse  was  therefore  had  at 
first  to  what  may  be  termed  saturation  by  gravitation.  Tubes  of 
the  form  shown  in  fig.  1,  PI.  VIII.,  were  made,  and  were  used 
in  the  following  manner.  The  bend  a  of  the  capillary-tube  was 
filled  with  mercury.  The  solvent  solution  was  poured  in  till 
it  just  covered  the  surface  of  the  platinum  gauze  b.  The  salt, 
previously  fused  and  cast  into  thin  sticks,  was  then  placed  on 
the  gauze  and  the  open  end  of  the  tube  closed  with  a  cork. 
The  whole  was  then  placed  in  a  wide  test-tube,  which  was  also 
corked  and  placed  up  to  the  mouth  in  the  water  of  a  bath,  kept 
at  the  constant  temperature  of  20°  C.  by  the  method  previously 
described  by  me.  After  the  lapse  of  twenty-four  hours  the 
saturation-tube  was  quickly  withdrawn.  The  mercury  was 
expelled  by  blowing  into  the  open  end  ;  and  in  the  same  way 
a  portion  of  the  saturated  solution  was  transferred  to  a  weighed 
nickel  crucible,  and  the  amount  of  salt  dissolved  was  deter- 
mined in  the  usual  way. 

The  above  method  yielded  excellent  results,  but  was  some- 
what troublesome,  and  was  after  a  time  discarded  for  one 
which  did  not  require  fusion  of  the  salts  employed.  In  a 
constant-temperature  bath  similar  to  the  previous  one  was 
placed  a  copper  water-wheel,  to  the  axle  of  which  were 
attached  clips  to  receive  the  saturation-tubes.  The  wheel  was 
caused  to  revolve  by  means  of  a  current  of  air  entering  at  the 
bottom  of  the  bath  below  the  inverted  buckets  of  the  wheel. 
The  revolution  of  the  wheel  caused  such  a  circulation  of  the 
water  in  the  bath,  that  the  temperature  at  all  parts  was  the 
same,  and  never  varied  more  than  +0°'02  C.  from  20°  C. 
The  wheel  revolved,  on  an  average,  18  times  a  minute,  or 
1000  revolutions  per  hour  ;  and  as  saturation  extended  over 
a  period  of  20  to  24  hours,  the  salt  and  solvent  solution  con- 
tained in  the  saturation-tubes  attached  to  the  axle  of  the  wheel 
were  shaken  together  20,000  to  24,000  times.  The  solvent 
solution  and  the  salt  in  excess  were  placed  in  narrow  test- 
tubes  closed  with  rubber  stoppers,  and  enclosed  in  wider  tubes, 
also  closed,  and  ])laced  in  the  clips  on  the  axle.  After  satu- 
ration had  gone  on  for  the  required  time,  the  tubes  were 
removed  from  the  wheel  and  placed  in  an  upright  position  in 
the  bath,  and,  when  the  excess  of  salt  had  settled  down, 
leaving  the  solution  perfectly  bright  and  clear,  a  portion  was 
quickly  decanted  into  nickel  crucibles  and  estimated  in  the 
usual  way.   In  every  case  two  or  more  determinations  were  made. 
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The  salts  hitherto  examined  are  not  very  numerous,  but  are 
typical  examples  of  two  important  classes,  the  chlorides  and 
nitrates.  Indeed,  it  was  found  that  only  a  limited  number  of 
salts  were  available  for  this  form  of  experiment,  inasmuch  as 
all  hydrated  salts  are  unsuited,  for  the  following  reason.  If  a 
hydrated  salt  be  added  to  a  solvent  solution  of  a  definite 
strength,  the  quantity  of  water  present  is  increased  by  the 
amount  present  in  the  quantity  of  the  liydrated  salt  that  is 
dissolved.  What  part  this  water  plays  is  still  a  moot  point. 
Does  it  remain  attached  to  the  salt,  or  does  it  become  part  of 
the  solvent?  Until  this  question  is  settled,  experiments  with 
such  salts  only  complicate  a  problem  already  sufficiently  dif- 
ficult. Nor  can  this  com])lication  be  avoided  by  dehydrating 
the  salt  before  adding  it  to  the  solvent  solution  ;  no  water 
is  indeed  added  to  the  solution,  but  the  other  objection  men- 
tioned above  still  remains  ;  and  we  are  met  with  a  still 
greater  difficulty  in  addition — the  excess  of  dehydrated  salt 
that  is  ])(n'force  added  removes  an  unknown  quantity  of 
water  from  the  solution,  and  the  composition  of  the  solvent 
solution  is  altered.  Such  an  alteration  is  not  of  course  fatal, 
but  necessitates  separate  determinations  of  the  amount  of  the 
salts  present,  involving  an  amount  of  labour  which  it  would 
be  foolish  to  undertake  until  it  is  seen  from  experiments  with 
anhydrous  salts  that  the  method  of  investigation  is  likely  to 
yield  valuable  results. 

The  salts  examined  were  the  chlorides  of  jiotassium  and 
sodium  and  the  nitrates  of  the  same  two  metals.  These  salts 
present  special  advantages  for  this  and  all  other  solution  expe- 
riments. They  can  be  easily  obtained  pure.  They  crystallize 
from  solution  in  the  anhydrous  state,  and  are  not  known  to 
form  hydrates  except  at  low  temperatures.  The  jihysical 
properties  of  their  solutions  have  been  more  fully  studied  than 
those  of  any  other  salts.  Their  solubility  presents  no  abnor- 
malities on  rise  of  temperature.  They  differ  greatly  in  amount 
of  their  solubility  at  the  ordinary  temperature,  and  still  more 
markedly  in  the  effect  of  temperature  on  the  amount  dissolved. 
Above  all,  they  are  all  sufficiently  soluble  in  water  at  20°  C. 
to  render  any  small  experimental  error  of  little  consecpience. 
These  four  salts  were  arrangcil,  for  the  })urposes  of  expe- 
riment, in  two  series  of  four  ]iairs,  the  two  series  being 
complimentary  the  one  to  the  other. 

(1)  KCl  in  NaOl.  (2)  NaCl  in  KCl. 

(8)  K(n  in  KNO3.  (4)  KNO3  in  KCl. 

(5)  NaNOa  in  NaCl.  (6)  XaCl  in  XaNOj. 

(7)  NaNO,  in  KNO3.  C^"^)  KXO3  in  NaXOs. 
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The  solubility  of  each  of  these  salts  in  water  at  20°  C.  was 
first  determined,  with  the  results  given  in  Table  T. 

Table  I. 

Solubihty  of  Single  Salts  at  20°  C. 


Salt. 

I. 

II. 

Mean. 

Molecules.    ! 

NaCl  

35-92 
34-49 
87-64 
31-11 

35-89 
34-55 
87-66 
31-11 

35-905 
34-52 

87-65 
31-11 

11048 
8-329 

18-562 
5-539 

KCl    

NaNOg   

KNO3 

In  parts  per  100  of  water  and  molecules  per  100  H^O. 

In  Table  II.  these  results  are  compared  with  those  given  by 
other  experimenters,  and  the  mean  of  all  my  previous  expe- 
riments published  and  unpublished. 


Table  II. 


NaCl. 

KCl. 

NaNOs. 

KNO3. 

Present  mean    ... 
Former     ,, 
Mulder  

35-905 
35-69 
36-00 
36-10 

34-52 
34-72 
34-70 
34-68 

87-65 

87-61 

87-50 

88 

88-70 

89-55 

3111 

30-72 
31-20 

31-96 

Gay-Lussac    

KopD 

36-01 

In  view  of  the  close  concordance  of  my  [)resent  determina- 
tions and  the  long  time  allowed  for  saturation,  along  with  the 
fairly  close  agreement  with  those  of  Mulder  and  Gay-Lussac, 
I  feel  justified  in  adopting  my  present  mean  as  the  true  state- 
ment of  the  solubility  of  these  four  salts. 

The  solubility  of  the  salts  in  pairs  was  then  deteruiine<l, 
with  the  precaution  of  adding  excess  of  salt  A  to  one  and 
excess  of  salt  15  to  the  other  of  the  duplicate  experiments. 
The  results  are  given  in  Table  III.,  along  with  those  previously 
obtained  b}--  me  and  those  of  Riidorff. 
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Table  111. 


Salta. 

Present 
determination. 

Former                d    i     ir 
result.                  ^"^«'*«^- 

XOlmulNaCl  

KCl  and  KNO., 

44-70 

r)i-87 

78-89 
134-21 

4.')<)0              4.5-ri      18°-8 
."->2-(57               'A:^\ 

NaCl  nndNaNO., 

NaNO,  and  KNO,  ... 

76-93 
135-21) 

79-89 

In  parts  of  salt  per  100  parts  of  water. 

I  shall  have  to  return  to  this  question  later  ;  so  any  discus- 
sion of  the  general  accuracy  of  the  above  results  will  he  best 
deferred  till  then.  With  regard  to  the  coni})osition  of  the 
total  quantity  of  mixed  salts  in  the  .'-saturated  solution  little 
need  be  said  here.  At  first  attempts  were  made  to  determine 
the  ratio  of  the  two  metals  in  the  case  of  the  mixed  chlorides  and 
mixed  nitrates  by  estimating  the  total  chlorine  and  conversion 
into  sulphate  respectively  ;  but  the  atomic  weights  of  the  two 
metals  sodium  and  potassium  difier  by  so  small  an  amount, 
that  all  such  indirect  methods  of  analysis  yield,  of  necessity, 
but  approximate  results  on  which  no  great  rehance  can  be 
placed.  In  the  case  of  the  other  pairs  of  salts  the  determina- 
tion of  the  chlorine  gives  a  direct  method  by  which  the  ratios 
of  the  two  salts  can  be  ascertained,  and  one  which  can  be 
trusted  ;  but  there  is  a  still  better  method  applicable  to  all 
four  pairs  of  salts,  which  will  be  described  further  on. 

The  remainder  of  the  research  was  conducted  as  follows : — 
Solutions  of  the  second  salt  in  each  of  the  eight  pairs  given 
on  page  376  were  prepared  by  weighing  definite  amounts  of 
water  (about  50  cub.  cent.)  to  the  nearest  half  milligramme, 
and  adding  to  these  the  requisite  quantity  of  the  salt  to  form 
a  solution  of  a  definite  molecular  composition  (/i  molecules 
of  salt  to  100  molecules  of  water).  The  salts  used  were 
carefully  purified,  the  potassium  and  sodium  chlorides  by  pre- 
cipitation with  hydrochloric-acid  gas  from  solutions  of  the 
commercially  pure  salt,  which  had  been  previously  treated 
with  ferric  chloride,  followed  by  })recipitation  of  the  iron  and 
other  heavy  metals  that  might  be  present  by  the  pure  car- 
bonate of  the  metal.  The  salt  thus  i)recipitated  with  hydro- 
chloric acid  was  thoroughly  drained,  washed  repeatedly  with 
])ure  hydrochloric  acid,  and  finally  dried  by  heating  to  200°  C. 
for  several  days.  In  some  cases  the  salt  was  fused  in  a 
platinum  dish  at  the  lowest  possible  temperaturt*.  and  in  no 
case  did  the   salt   possess  the   slightest  acid    reaction.     The 
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nitrates  were  purified  in  various  ways  ;  the  commercially  pure 
salt  was  precipitated  by  alcohol,  or  by  pure  nitric  acid  ;  in 
other  cases  subjected  to  repeated  crystallization,  and  dried  as 
above  or  fused.  Too  much  care  cannot  be  taken  to  ensure  the 
use  of  pure  salts  in  all  saturation  experiments  ;  for  wliile  a 
trace  of  impurity  may  not  make  its  presence  felt  in  other 
solution  exi)eriments,  it  is  sure  to  vitiate  the  results  of  satu- 
ration, inasmuch  as  in  these  cases  there  is  always  present  a 
considerubhi  amount  of  undissolved  salt ;  and  out  of  this  the 
whole  of  the  impurity  is  dissolved,  thus  raising  unduly  the 
percentage  of  salt  dissolved.  In  this  is  to  be  found  the  expla- 
nation of  the  serious  differences  so  often  to  be  observed  in  all 
saturation  experiments, 

The  salt  solutions  (solvent  solutions)  having  been  thus  })re- 
pared,  they  were  in  several  instances  analysed  by  evaporation, 
in  order  to  ascertain  whether  the  method  of  preparation  was 
sufficiently  accurate  for  the  purpose  in  view.  The  results  are 
given  in  Table  IV. 

Table  IV. 


Salt. 

Calculated. 

Found. 

Diifei-ence. 

2NaCl    

4NaCl    

6NaCl    

IKNO, 

6-5 
13-0 
19-5 
..|            5-618 

..)                l()-851r 

6-5172 
13-0162 
J'J-520 

5-623 
10-860 

+0-0172 

+0-0162 

+0-020 

+0-005 

+0-006 

3KN0a  

These  determinations  showed  that  this  direct  method  of 
preparing  the  solutions  was  all  that  could  be  desired,  as  an 
error  of  0'02,  or  one  in  5000,  is  much  less  than  that  met  with 
in  even  the  most  careful  saturation  experiments. 

The  solvent  solutions  were  then  saturated  with  the  other 
salts,  and  the  results  with  the  eight  pairs  of  salts  are  given 
in  the  following  Tables  V.-VIII.  The  Tables  are  arranged 
in  the  order  already  given,  and  each  consist  of  two  parts  cor- 
responding to  the  two  series.  The  arrangement  in  each  table 
is  the  same.  In  the  first  column  is  given  the  number  of  mole- 
ciUes  of  the  second  salt  per  100  molecules  of  water,  in  the 
second  the  amount  of  salt  per  100  parts  of  water  that  the  above 
corresponds  to  ;  in  the  third  column  the  salt  actually  found 
(M.S.  mixed  salt)  per  100  of  water ;  in  the  fourth  the  mean 
of  the  experimental  results ;  and  in  the  fifth  the  ditterence 
between  the  fourth  and  second  columns,  that  is,  the  amount 
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Table  V. 


KCl 

in  Solutions  of  NaCl. 

Mol8.  NaCl. 

NaCl. 

M.S.        Mean  M.S. 

KCl. 

Mols.  KGl. 

0 

0 

34-49 

34-55 

34-52 

34-52 

8-329 

2 

Go 

35-849 

35-897 

35-873 

29-373 

7087 

4 

130 

37  657 

37-755 

37-706 

24-706 

.5-961 

0 

19-5 

39-9(i6 

39-865 

39-916 

20-416 

4-926 

NaCl 

in  Solutions  of  KCl. 

Mols.  KCl. 

KCl. 

M.S. 

Mean  M.S. 

NaOl. 

Mols.  NaCl. 

0 

0 

35  92 

1 

35  89 

35-905 

35-905 

11-048 

1 

4144 

38-554 

38-508 

38-531 

34-387 

10-.581 

2 

8-289 

40-953 

41-053 

41-003 

32-714 

10066 

3 

12-422 

43-714 

43-729 

43-722 

31-300 

9-631 

Table  VI. 

KCl: 

in  Solutions  of  KNO3. 

Mols.  KNO3. 

KNO3. 

M.S. 

Mean  M.S. 

KCl. 

Mols.  KCl. 

0 

0 

34-49 

34-55 

34-52 

34-52 

8329 

1 

5-G18 

39-802 

39-864 

39-833 

34-215 

8-2.56 

3 

16-8.54 

50-309 

50-276 

50-293 

33-439 

8-068 

KNC 

)3  in  Solutions  of  KCl. 

Mols.  KCl. 

KCl. 

M.S.        Mean  M.S. 

KNO3. 

Mols. 
KNO3. 

0 

0 

31-11                           1 

31-11            31-11 

31-11 

6539 

0 

8-289 

33-961 

;»-975          33-968 

25-679 

4-572 

4 

1(1579 

3S-733 

38-772         38-753    i      22174 

3-948 

(> 

24-867 

45-096 

45046     i      45-071     !      20204 

3-597 

7  5 

31-084 

50-145 

50-164          50-155          19071 

3-395 
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Table  VII. 


NaNOs  in  Solutions  of  NaCl. 

Mols.  NaCl. 

NaCl. 

M.S. 

Mean  M.S. 

NaNOg. 

Mols.  NaNOg. 

0 

0 

87-(54 

87 -06 

87-65 

87-65 

18-562 

2 

Go 

83-843 

83-844 

83-844 

77-344 

16-379 

4 

130 

81-503 

81-503 

68-503 

14-507 

6 

19-5 

79-9G2 

80-026 

79-994 

60-494 

12-811 

NaCl 

in  Solutions  of  NaNOs- 

Mols.NaNOg. 

NaNOg. 

M.S. 

Mean  M.S. 

:NaCl. 

Mols.  NaOl. 

0 

0 

35-92 

35-89 

35-91 

35-91 

11-048 

3 

14-1(57 

4G-978 

46-988 

46-983 

32-816 

10-097 

6 

28-334 

58-164 

68-072 

58-118 

29-784 

9-164 

9 

42-501 

69-410 

69-405 

69-408 

26-907 

8-279 

Table  VIII. 


NaNOs  in  Solutions  of  KNO3. 

Mols.  KNO3. 

KNO3. 

M.S. 

Mean  M.S. 

NaNOg. 

Mols.  NaNOg. 

0 

0 

87-64 

87-6() 

87-65 

87-65 

18-562 

1 

5-618 

94-186 

94-2G() 

94-226 

88-608 

18-764 

3 

16-854 

107-474 

107-821 

l07-()48 

90-794 

19-227 

5 

28-09 

12r(lS5 

120-610 

120-848 

92-758 

19-643 
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Table  VIII.  (continued). 
KNO3  in  Solutions  of  NaNOg. 


Mols.  NaNOg. 
U 

NaNOg. 

M.S. 

Mean  M.S. 

KNO3. 

Mols.  KNO3.  ' 

0 

3111 

31 -n 

31-11 

3111 

5-539 

1 

4-722 

35064 

35-09() 

35-080 

30-358 

5-405        \ 

2 

9-444 

39-560 

39-445 

39-502 

30-058 

5-3.52 

3 

14-167 

44-114 

44-229 

44-172 

30-005 

5-ai2 

G 

28-334 

59-614 

59-541 

59-578 

31-244 

5563 

fl 

42-501 

75-399 

75063 

75-231 

32-730 

5-827 

12 

no-ees 

91-092 

91-225 

91-1.59 

34-491 

6-141        ! 

If) 

70-835 

107-050 

1 

107-590 

107-320 

3C.-485 

r,-49fi 

18 

85-002 

123-424 

1-23-410 

1 

123-417 

'     38-415 

i 

6-840 

dissolved  of  the  first  salt.  The  last  column  gives  the  molecules 
of  the  first  salt  present  per  100  molecules  of  water.  The 
molecular  weights  used  throughout  are  : — 

NaCl  =  58-5,  KCl  =  74-6,  XaX03  =  85,  KN03=10M. 

With  regard  to  the  accuracy  of  these  determinations  one  or 
two  words  only  need  be  said.  In  the  27  duplicate  experi- 
ments the  sum  of  the  differences  between  each  pair  amounts 
to  3*057  parts  of  salt  in  the  100  parts  of  water,  giving  a 
mean  error  of  0"113  ;  but  of  the  whole  27  only  four  much 
exceed  this  mean  error,  leaving  23  ex])eriments  with  a  total 
error  of  1*359,  and  a  mean  error  of  0*059,  or  +0*03  from  the 
mean.  And  it  must  not  be  forgotten  that  the  results  are 
parts  per  100  of  water  and  not  percentages,  and  the  error 
thus  appears  twice  as  great  as  it  would  have  been  had  the 
other  mode  of  calculation  been  employed. 

The  next  point  to  be  considered  is  the  ratio  of  the  two  salts 
in  the  saturated  solutions  formed  when  water  is  treated  with 
(ixcess  of  both  salts.  This  ju-oblem  niay  now  be  attacked  from 
two  sides. 

(1)  That  ol'  direct  experiment,  and  better  even,  since  that 
is  beset  with  difficulties,  (2)  that  of  indirect  experiment,  for 
it  is  evident  that  if  the  data  derived  from  any  pair  of  salts  in 
the  duplicate  experiments  be  plotted  the  curves  thus  obtained 
will,  if  jn-olonged,  intersect  at  the  saturation-point  of  the  salts 
when  each  is  ]ir(>sent  in  excess.  The  s;iturati(Mi-point  thus 
obtained  indirectly  will  depend  not  on  one  or  two  experiments 
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but  on  all  the  duplicate  experiments  in  each  series,  and  will, 
if  it  agrees  with  that  obtained  directly,  be  proof  not  only  of 
the  correctness  of  the  latter,  but  also  of  the  accuracy  of  the 
data  from  which  it  was  itself  derived.  To  plot*  the  results, 
however,  on  such  a  scale  as  to  give  the  second  place  of 
decimals,  is  not  so  convenient  as  to  find  formulae  that  wnll 
approximately  represent  the  experimental  results.  The  fol- 
lowing satisfy  this  condition.     M.S.  =  Total  salt  dissolved. 

(1)  KClin  Solutions  of  NaCl. 
=  34-52 +7i  0-05707 +n2  0-0545. 
=  34-52 -H  2-6793 -I- n^  0-0545. 

(2)  NaCl  in  Solutions  of  KCl. 
=  35-91 +w  2-603. 
=  35-91-n  1-541. 


M.S. 

Or 

,  KCl 

M.S. 

Or, 

,  NaCl 

M.S. 

Or, 

,  KCl 

M.S. 

Or, 

,KNO. 

(3)  KCl  in  Solutions  of  KNO3. 
=  34-52 +  n  5-26. 
=  34-52 -?i  0-358. 

(4)  KNO3  in  Solutions  of  KCl. 
=  31-11 +  «  0-959  +  71-  0-261 -n^  0-0065. 
=  31-11 -/i  3-185  +  ^2  0-261 -7i3  0-0065. 

(5)  NaNOg  in  Solutions  of  NaCl. 
M.S.     =  87-64 -7i  2-378 +  n2  0-263-n=^  0-01325. 

Or,  NaN03  =  87-64 -/i  5-628  +  ^2  0-263 -?i'  0-01325. 

(6)  NaCl  in  Solutions  of  NaNOg. 
M.S.     =35-91 +n  3-722. 

Or  NaCl      =35-91 -«  1-0. 

(7)  NaNOs  in  Solutions  of  KNO;,. 
M.S.     =87-64  +  716-65. 

Or,  NaN03= 87-64 +  71  1-03. 

(8)  KNO3  i"  Solutions  of  NaNOs. 
tM.S.     =31-11 +  M  4-429 +  7i2  0-0663-71='  0-00153. 
Or,  KNO3  =31-11-71  0-293 +  7i2  0-0663-7i'  0*00153. 

With  the  aid  of  these  formula}  1  have  constructed  the 
following  Tables,  representing  the  effect  of  each  molecule  of 
salt  present  in  the  solvent  solution  on  the  solubility  of  the 
other  salt. 

*  Figs.  2-4,  Plate  VIII.,  give  the  general  form  of  the  ciirvTs  on  a  .^mall 
scale. 

t  Above  9  molecules  per  100  HjO. 
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KCl  in  sol.  of  NaCl. 

NaNOs  in  sol.  of  NaCl. 

Mols.  NaCl. 

M.S. 

KCl. 

Mols.  NaCl. 

M.S. 

NaNOj. 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

34-.52 
'S')\'i 
3.0-88 
36-72 
37-6.5 
38-73 
39-01 
41-18 
42-58 
4407 
45-68 

34-52 
31-90 
29-38 
26-97 
24-65 
22-48 
2(J-41 
18-43 
16-58 
14-82 
13-18 

0 
1 
2 
3 
4 
5 
6 
7 
8 

87-64 
85-39 
83-78 
82-52 
81-49 
80-67 
79-98 
79-34 
78-67 

87-64 
82-14 
77-28 
7277 
68-49 
64-42 
60-48 
56-59 
52-67 

NaCl  in  sol.  of  NaNOg. 

NaCl  in  sol.  of  KCl. 

Mols.  NaNOg. 

M.S. 

NaCL 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

35-91 
39-63 
43-35 
47-08 
50-80 
54-52 
58-24 
61-96 
65-69 
69-41 
73-13 
76-85 
80-57 

35-91 
34-91 
33-91 
32-91 
31-91 
30-91 
29-91 
28-91 
27-91 
26-91 
25-91 
24-91 
23-91 

Mols.  KCl. 

M.S. 

NaCl. 

0 
1 
2 
3 
4 

35-91 
38-51 
41-12 
43-71 
46-32 

35-91 
34-37 
32-83 
31-28 
29-74 

KCl  in  sol.  of  KNO3. 

NaNOa  in  sol.  of  KNO3. 

Mols.  ENO3. 

M.S. 

KCl. 

Mols.  KNO3. 

M.S. 

NaNO,. 

0 
1 
2 
3 
4 

34-52 
39-78 
45-04 
50-30 
55-56 

34-52 
34-16 
33-80 
33-45 
33-09 

0 
1 
2 

3 
4 
5 
6 

7 
8 

87-(>4 
W29 
100-94 
107-59 
114-24 
120-89 
127-54 
13419 
140-84 

87-64 
88-67 
8970 
90-74 
91-77 
92-80 
93-83 
94-86 
9589 

KNO3  in  sol.  of  KCl. 

Mols.  KCl. 

M.S. 

KNO3. 

KNOainsol.  ofNaNOj. 

0 

1 

2 

3 

4 

f) 

1; 

7 

7  0 

8 

31-11 
32-32 
34-02 

;{()-2t; 

o9-71 
41-62 
44 -85 
48-39 
50-24 
52-07 

31-11 
28-18 
2573 
23-83 
22-13 
20-90 
19-99 
19-38 
1916 
18-92 

Mols.  NaNOs 

M.S. 

KNO,. 

9 
12 
15 
18 
20 
21 

75-22 
91-18 
107-31 
123  42 
134-01 
139-23 

32-72 
34-52 
3647 
3842 
3957 
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1.  Solutions  containing  KCl  and  NaCl. 

The  saturated  solution,  when  both  salts  are  added  in  excess 
to  water,  was  found  to  contain  44' 70  parts  of"  mixed  salts  to 
100  parts  of  water.  If  this  be  the  true  solubility  of  the  salts, 
and  the  formulae  given  on  p.  383  be  correct,  then 

44-70  =  34-52 +  n  0-5707 +n2  0-0545 

and  44-70^  35-91 +n  2-603, 

the  former  equation  giving  the  molecules  of  NaCl,  the  latter 
those  of  KCl  present  in  the  saturated  solution. 
The  equations  worked  out  give 

9-394  molecules  NaCl  per  100  H2O 

3-777  molecules  KCl    per  100  HjO, 

or 

30-54    parts  of  NaCl  per  100  of  water 

^"^  13-99    parts  of  KCl    per  100  of  water, 

or 

44*53    parts  of  mixed  salts  per  100  of  water  ; 

an  error  of  —0-17  part  per  100  of  water,  showing  the 
correctness  of  both  the  formulae  and  the  direct  determination. 
From  the  above  calculation  we  find  that  the  44-7  parts  of 
mixed  salts  contain  14-075  parts  of  KCl  and  30-625  parts  of 
NaCl ;  or,  in  molecules  per  100  HoO,  3-396  KCl  and  9-423 
NaCl  ;  or,  1  part  of  KCl  to  2-176  parts  of  NaCl  and  1  mole- 
cule KCl  to  2-775  molecules  NaCl. 

2.  Solutions  containing  KCl  and  KNO3. 

The  saturated  solution  formed  when  both  salts  are  added  in 
excess  to  water  was  found  to  contain  51-87  parts  of  mixed 
salts  to  100  parts  of  water.  If  this  be  the  true  solubility,  and 
the  formulae  be  correct,  then 

51-87  =  34-52  +  n5-26, 

51-87  =  31-11  +  n 0-959  +  n^  0-261  -n'  0-0065  ; 
the  former  equation  giving  the  molecules  of  KNO3,  the  latter 
those  of  KCl  present  in  the  saturated  solution. 
The  equations  worked  out  give 

3-298  molecules  KNO3  per  100  HgO 
^^^  7-925  molecules  KCl  per  100  HjO, 

or 

18-95  parts  of  KNO3  per  100  of  water 

^^^  32-84  parts  of  KCl  per  100  of  water  ; 
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an  error  of  — 0"08  part  per  100  of  water.     The  formulae  and 
the  direct  determination  are  therefore  correct. 

3.  Solutions  containing  NaCl  and  NaNOs. 

The  saturated  solution  formed  when  hoth  salts  were  added 
in  excess  to  water  was  found  to  contain  7889  p)art3  of  mixed 
salts  to  100  parts  of  water.  If  this  be  the  true  solubility,  and 
the  formulaj  be  correct,  then 

78-89  =  87-G4-71  2-378 +  n2  0-2G3-n3  0-01325, 
78-89  =  35-91 +  n  3-722. 

The  former  equation  gives  the  molecules  of  NaCl,  the  latter 
those  of  NaNOs  present  in  the  saturated  solution. 
The  equations  worked  out  give 


ana 
or 

and 


7-G62  molecules  NaCl  per  100  HgO 
11-55    molecules  NaNOs  per  100  HgO, 
24-91  i)arts  of  NaCl  per  100  of  water 
54*55  parts  of  NaNOs  per  100  of  water  ; 


an  error  of   +  0-57  part  per  100  of  water.     The  formulae  and 
the  direct  determination  therefore  verj'  fairly  agree. 

4.  Solutions  containing  NaNOs  <^"^^  KNO3. 

The  saturated  solution  formed  when  both  salts  are  added  in 
excess  to  water  was  found  to  contain  134-21  parts  of  mixed 
salts  to  100  parts  of  water.  If  this  be  the  true  solubility, 
then 

134-21  =  87-64 +  n6-G5, 

134-21  =  31-11 +  n  4-429 +  71=  0-0663-n' 0-00153. 

The  former  equation  gives  the  molecules  of  KNO3,  the  latter 
those  of  NaNOs  present  in  the  saturated  solution. 
Tiie  equations  worked  out  give 

7-005  molecules  KNO3   per  100  H^O 

20-039  molecules  NaNOs  per  100  H.O, 


and 


or 
and 


39-34  parts  of  KNOs   per  100  of  water 
94-60  parts  of  NaNOs  per  100  of  water; 

an  error  of  —  0'27  part  per  100  of  water.     The  formulae  and 
the  direct  determination  therefore  agree. 

The    mutual  solubility  of   potassium  and  sodium    nitrates 
has  been  specially  studied  by  Carnelley  and  Thomson,  whose 
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'results  are  given  in  a  ])aper  on  the  Solubility  of  Isomeric 
Orgnnic  Compounds  &c.,  publislied  in  1888  (Cliem.  Soc  Journ. 
Trans.  1888,  pp.  782-802).  Their  results  are  by  no  fneans 
concordant,  owinor  no  doubt  to  the  method  of  conductinof 
the  experiments,  for  which  reference  must  be  made  to  the 
orioinal  paper.  The  general  form  of  the  curves  representing 
their  results  is  the  same  as  that  given  by  my  experinients,  as 
will  be  seen  by  reference  to  fig.  4,  Plate  •VIII. ,  in  which  I 
have  plotted  my  results,  and  side  by  side  with  them  the 
curves  given  by  Carnelley  {loc.  cit.). 

Here  the  subject  must  be  left  for  the  present.  For  although 
there  are  many  points  of  interest  raised,  and  some  general 
conclusions  of  iin[)ortance  to  be  deduced,  the  discussion  of 
these  is  best  deferred  until  experiments  at  present  in  progress 
on  the  molecular  volumes  of  such  solutions  have  been 
completed. 

XLV.   On  the  Maximurti  Density  of  Water. 
By  H.  M.  Vernon,  Scholar  of  Merton  College,  Oxford*. 

THOUGH  the  fact  that  water  has  not  a  regular  dilatation, 
but  reaches  a  maximum  density  at  about  4°C.,  has  been 
universally  known  for  a  very  long  time,  apparently  no  expla- 
nation has  yet  been  offered  of  this  seeming  anomaly,  which  is 
of  such  vast  importance  in  nature.  The  object  of  this  paper 
is  to  bring  forward  a  few  experiments  which  afford  an  inter- 
pretation of  the  fact. 

If  the  fact  of  the  irregular  dilatation  of  water  be  carefully 
considered,  it  will  be  seen  that  the  only  possible  explanation 
of  it  is  that  some  change  in  the  position  of  the  water  molecules 
towards  each  other  takes  place  at  about  4°  C,  whereby  such 
a  considerable  variation  in  the  density  is  caused.  It  is,  there- 
fore, probable  that  at  this  temperature  some  thermal  change 
will  also  take  place.  If  a  volume  of  water  be  heated  and 
allowed  to  cool  without  being  subjected  to  any  external  varia- 
tions of  temperature,  it  is  evident  that  if  such  a  thermal 
change  does  occur  at  4°  C,  the  rate  of  cooling  of  the  water 
will  not  be  regular  at  this  point.  To  lest  this,  expei'iments 
were  made  on  the  rate  of  cooling  of  water  from  about  30°  C. 
to  slightly  below  0°  C. 

A  volume  of  distilled  water,  varying  in  different  experi- 
ments from  30  cub.  centim.  to  ()0  cub.  centim.,  was  placed  in 
a  glass  flask  which  was  suspended  inside  a  large  beaker  sur- 
rounded by  a  freezing-mixture  of  ice  and  salt.     The  vessel 
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containing  the  freezing-niixtuni  and  the  beaker  itself  were 
well  covered  up,  and  the;  tcnificrature  was  found  to  remain 
con.stiint  throughout  the  experiment.  The  thermometer  used 
was  a  standard  one,  graduated  in  tenths  of  a  degree;  and  as 
all  readings  were  taken  with  a  cathetometer,  it  was  read 
to  the  hundredth  of  a  degree.  The  water  was  then  wanned 
to  about  ;-iO°  (.'.,  and  readings  taken  of  the  thermometer  al 
intervals  of  a  minute,  till  it  had  cooler!  to  about  — 3°C..  when 
ice  began  to  form.     In  the  figure  will  be  seen  the  curve  for  the 


rae  in  niinutis. 


rate  of  cooling  which  wa>  thus  obtaiiie.l.  The  curve  is  only 
given  up^to  l(j°  C,  as  above  this  it  is  quite  regular.  From 
about  U°  v..  the  cooling  begins  to  take  place  slightly  less 
rapidly  than  would  be  the  case  if  no  internal  thermal  chancre 
were  taking  place,  and  continues  getting  less  and  less  rapM 
till  from  about  5°-5  C.  to  4^-7  C.  it  almost  stops.  At  4-7°  C. 
it  suddenly  begins  to  sink  rapidly  again  till  abuut  3°  (J.  After 
this  point  the  curve  becomes  regular  again.  The  part  of  the 
curve  from  o()°  C,  if  j)n)duced  on  the  supposition  that  the 
curve  IS  regular,  gives  the  dotted-line  curve  in  the  figure. 
Water   has   been    found    to   have  its   maximum  density  at 


Maximum  Density  of  Water.  389 

4°-07  C.  by  Rosetti,  at  4°-l  C.  by  Hallstrom,  at  4°-08  C.  by 
Kopp,  and  at  4°*0  by  Despretz  ;  but  here  the  maximum  point 
of  the  irreoularity  in  the  curve  is  at  4°*7  C.  There  can  be 
no  doul)t  that  such  is  the  case,  as  several  separate  cooling 
determinations  gave  this  temperature  as  the  maximum,  it 
being  also  corrected  for  the  thermometer,  which  gave  the 
freezing-point  of  water  as  4- "08°  C.  Also  the  rate  of  cooling 
of  oil  was  taken  by  the  thermometer,  and  was  found  to  be 
quite  regular ;  so  the  difference  could  not  have  been  due  to  a 
thermometric  error. 

In  these  experiments  the  water  was  not  stirred  ;  and  it  is 
to  this  fact  that  the  great  irregularity  in  the  curve  at  4*7  C. 
is  due.  The  cooling  effect  produced  in  the  outer  layers  of 
water  in  the  flask  mainly  reach  the  inner  layers  of  water  and 
the  thermometer-bulb  by  convection-currents  set  up  by  the 
change  in  the  density  of  the  water  with  change  of  temperature. 
The  inside  layers  will  therefore  always  have  a  slightly  higher 
temperature  than  the  outside  layers.  When  the  temperature 
of  the  outside  layers  has  cooled  to  near  4"  C,  when  the  density 
no  longer  increases  with  fall  of  temperature,  the  convection- 
currents  will  be  stopped,  and  at  a  slightly  lower  temperature, 
when  the  density  decreases,  will  begin  to  be  set  up  in  an 
opposite  direction.  This  explains  why  there  is  a  sudden 
pause  in  the  curve  for  the  rate  of  cooling,  and  also  why 
directly  after  this  the  temperature  sinks  rapidly  for  a  degree 
or  two  and  then  sinks  much  less  rapidly;  for  this  is  due  to 
the  cold  layers,  which  had  been  accumulating  while  the  cooling 
almost  stopped,  being  suddenly  brought  into  contact  with  the 
thermometer-bulb.  This  experiment,  therefore,  merely  serves 
to  show  the  change  in  the  density  of  water  at  about  4^  C, 
and  that  the  cooling  effect  reaches  from  the  outside  to  the 
inside  of  the  flask  mainly  through  convection-currents,  and  not 
by  radiation  or  conduction. 

Ex])eriments  were  then  made  on  the  cooling  of  water  when 
stirred.  A  beaker  containing  100  cub.  cent,  distilled  water  was 
suspended  in  another  large  beaker  surrounded  by  a  freezing- 
mixture.  The  smaller  beaker  was  closed  bv  a  tightlv-fitting 
bung,  through  which  passed  the  thermometer  and  a  light 
glass-rod  stirrer.  This  was  moved  U|)  and  down  regularly  at 
intervals  of  al)out  four  seconds,  during  the  whole  period  of 
cooling,  by  mc^ans  of  a  cord  passing  over  two  pulleys.  The 
second  curve  in  the  figure  represents  the  rate  of  cooling.  The 
curve  above  14°  is  quite  regular;  and  this  curve,  produced  on 
the  supposition  that  the  curve  is  regular,  gives  the  dotted-liue 
curve  in  the  figure.  It  will  be  seen  that  there  is  no  sudden 
change  in  the  curve  at  any  point,  but  that   the  irregularity 
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seems  to  be  greatest  at  about  4'  C,  though  it  is  only  very 
slightly  marked. 

The  space  between  the  two  curves  is  a  measure  of  the  heat 
evolved  in  the  cooling  of  the  water.  By  calculating  its  area, 
and  also  the  area  of  the  figure  ab  c  d,  it  was  found  that  the 
specific  heat  of  water  is  increased,  on  an  average,  from  12'  C. 
to  0"  C.  by  about  3  per  cent.  Only  a  very  rough  estimate 
can  be  arrived  at  in  this  way,  as  it  is  not  possible  to  calculate 
the  position  of  the  dotted-line  curve  with  any  exactness.  ]t 
is  enough,  however,  to  show  that  there  is  a  material  increase 
in  the  specific  heat  of  water  at  temperatures  near  to  that 
of  its  maximum  density. 

We  have  now  to  see  to  what  extent  the  results  obtained 
by  cooling  correspond  with  the  variations  in  the  dilatation 
of  water.  The  density  determinations  of  llosetti  (Aiin.  Chim. 
Phys.  (4)  X.  p.  47),  plotted  out  as  a  curve,  show  that  down 
to  about  16°  C.  the  density  increases  regularly  with  decrease 
of  temperature.  From  this  point  downwards  the  rate  of 
increase  of  density  begins  to  gradually  get  smaller,  it  getting 
less  and  less  till  at  4°*07  C  it  stops.  From  this  point 
the  density  begins  to  gradually  decrease.  If  the  dilata- 
tion were  regular,  the  density  of  water  at  4°  C  would 
be  much  greater  than  is  actually  the  case  ;  that  is,  the  density 
of  Avater  in  the  state  of  molecular  aggregation  it  exists  in  at 
4°  C.  is  considerably  less  than  it  would  be  if  the  dilatation 
were  regular,  and  no  molecular  change  took  ])lace.  This 
fact  serves  to  exi)lain  whv  water  below  4^  C.  begins  to 
decrease  in  densit3\ 

The  change  in  the  density  of  water,  which,  as  has  been 
shown,  is  attended  by  an  evolution  of  heat,  can  only  be 
due  to  water  molecules  aggregating  together,  and  forming 
more  complex  molecules  than  before  existed.  As,  therefore, 
from  14°  C.  downwards  the  aggregated  molecules  are  being 
formed  in  larger  and  larger  quantities,  whilst  fewer  and 
fewer  of  the  unaggregated  molecules  are  left,  the  lesser 
density  of  the  aggregated  molecules  at  last  at  4-°  C. 
counteracts  the  greater  density  of  the  unaggregated  mole- 
cules; and  from  this  temperature  downwariis,  when  fewer 
still  of  the  unaggregated  molecules  remain,  the  deusitv  of  the 
water  begins  to  decrease  instead  of  increase.  We  ilo  not  know 
at  what  tem])eratur(^  the  maximum  number  of  aggregated 
molecules  is  formed  ;  but  the  curve  for  cooling  ap])ears  to  have 
a  slight  maximum  at  about  4°  C  So  it  may  be  taken  that  the 
density  of  water  begins  to  decrease  when  about  half  of  the 
molecules,  ])resent  have  undergone  aggn>gation.  It  is  not 
necessarv,  however,  that  the  maxiniuni  of  the  irregularity  in 
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the  curve  for  cooling  should  correspond  with  the  temperature 
of  maximum  density  of  water. 

We  see  then  that,  allowing  for  the  effect  of  temperature, 
ordinnry  molecules  of  water  have  the  greatest  density,  aggre- 
gated molecules  have  a  lesser  density,  and  ice,  which  must 
contain  molecules  in  a  still  greater  state  of  aggregation,  has 
the  least  density. 

Raoult,  from  his  experiments  on  the  molecular  lowering  of 
freezing-points  {Ann.  Chim.  P/n/s.  (6)  ii.  p.  GG),  concluded  that 
while  solvents  such  as  acetic  acid  and  benzene  had  molecular 
weights  expressed  by  their  ordinarily  received  formuiro,  water 
had  a  molecular  weight  four  times  as  great ;  that  is,  its  mole- 
cular formula  was  (HgO)^.  From  analogy  with  other  liquids, 
as  acetic  acid  and  hydrofluoric  acid,  and  from  the  fact  that  at 
ordinary  temperatures  water  is  liquid,  while  the  similarly 
constituted  hydrides  of  sulphur,  selenium,  and  tellurium  are 
gaseous,  it  is  probable  that  when  wiiter-vapour  condenses 
it  undergoes  molecular  aggregation.  Water  molecules  from 
100''  C.  to  about  4^  C.  will  probably,  therefore,  have  the 
formula  (H2O)., ;  and  below  4°  C.  these  will  condense  to  (HaO)^ 
molecules.  In  constitution  these  condensed  molecules  may 
be  considered  merely  as  molecular  conifioimds,  or,  what  is 
really  more  simple,  as  atomic  compounds  linked  thus  : — 


jj>0  =  0<j^  and    Hx^_(;^/H' 


with  oxygen  in  the  tetravalent  state. 

We  must  now  examine  whether  the  evolution  of  heat 
taking  place  when  water  is  cooled  to  4°  C,  that  is  to  say, 
the  increased  specific  heat  of  water  at  this  temperature,  shows 
itself  in  the  determinations  of  observers  on  the  latent  heat  of 
fusion  of  ice  and  the  specific  heat  of  water.  Kegnault  has 
determined  the  specific  heat  of  water  from  0°-40°  C,  0°-80°  C, 
0°-120°  C.,&c  ,  but  not  for  smaller  tem})erature-intervals  than 
these.  If,  however,  these  results  are  calculated  out  for  20°  C, 
60°  C,  100°  C,  &c,,  and  a  curve  plotted  out,  it  will  be  found 
that  the  specific  heat  of  water  for  the  interval  0°-40°  C.  is 
appreciably  greater  than  we  should  be  led  to  suppose  from 
the  specific  heats  at  higher  tem])eratures. 

A.  W.  Velten  {Annalen,  18(S4,  p.  (Jl)  has  made  two  series 
of  determinations  of  the  specific  heat  of  water.  By  the 
method  of  mixing,  the  specific  heat  was  determined  for  dif- 
ferent  intervals  from  4°-7  0.  to    100°  C.     For  the   interval 
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4°'7-42°-9  C.  the  specific  heat  was  found  to  be  -9943;  for  the 
interval  7°-38-41°-l  C.  it  was  -9863:  again,  for  the  interval 
8°-24-93°-6  C.  it  was  -9873,  and  for  the  interval  1 1°-78-93°-0  C. 
it  was  '9837.  Several  other  determinations  showed  that  for 
temperatures  near  to  4°  C.  the  specific  heat  was  greater  than 
the  normal.  By  means  of  the  ice-calorimeter  the  specific  heat 
was  determined  for  various  intervals  from  0°  C.  to  100°  C. 
These  results  show  that  the  specific  heat  is  about  3  per  cent, 
greater  from  ()°-7°-ol  C.  than  from  7°-3l-10°-81  C,  and  at 
higher  temperatures.  There  seemed  also  to  be  another  slight 
increase  in  tlie  specific  heat  at  about  18°  C.  ;  but  the  mixing 
experiments,  in  which  it  is  possible  to  attain  greater  accuracy, 
do  not  show  this,  so  it  is  probably  not  the  case.  If  it  were 
so,  the  curves  for  the  cooling  of  water  would  also  show  an 
irregularity;  they  were,  however,  quite  regular  at  this  point. 
As  the  latent  heat  of  fusion  of  ice  is  determined  by  mixing 
it  with  water  of  known  temperature,  an  appreciable  dift'erence 
should  be  observed  in  the  values  obtained,  according  as  the 
temperature  of  the  mixture  is  near  4°  C.  or  considerably  re- 
moved from  it.  In  both  Regnault's  experiments  and  those  of 
Provostaye  and  Desains  [Ann.  C/iim.  Plnja.  1843.  pp.  18  and 
27),  the  temperature  of  the  mixture  A-aried  from  7°'2  C.  to 
18°  C;  but  no  regular  variations  in  the  values  for  the  latent 
heat  appear.  The  values  vary  among  themselves  from  78' 74 
to  79*2o  units  in  Regnault's  experiments,  and  from  78*75  to 
79*46  in  those  of  Piovostaye  and  Desains;  so  the  variation 
might  })e  masked  by  experimental  error.  In  Person^s  deter- 
minations the  temperature  of  the  mixture  was  about  4°'8  C, 
and  the  value  80  was  obtained.  This  seems  to  show  that  the 
specific  heat  of  water  is  increased  at  about  4°  C,  as  though  this 
heat  is  evolved  in  all  the  determinations ;  yet  in  those  in  which 
the  mixture  had  a  higher  temperature,  this  heat  was  spread 
over  a  greater  interval,  and  so  would  not  produce  so  appre- 
ciably great  an  efi'ect. 

We  see,  then,  that  both  the  sjiecific  heat  and  the  heat  of 
fusion  of  ice  determinations  confirm  the  results  obtained  by 
cooling.  There  can  be,  therefore,  no  doubt  as  to  the  molecular 
change  taking  j)lace  at  4°  C  The  method  of  cooling  affords 
a  simple  and  accurate  means  for  confirming  any  supposed  irre- 
gularities in  the  specific  heat  of  a  liquid  ;  and,  as  the  above 
results  show,  in  tlie  density  of  a  liquid  as  well,  provided  it  is 
not  stirred  during  the  cooling. 
Tho  University  Laboratory,  Oxford. 
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XLVI.  On  some  Effects  of  small  Quantities  of  Foreign  Matter  on 
Crystallization.     By  C'harles  Tomlinson,  F.R.S.,  F.  C.S.^ 

I  WAS  interested  in  reading  an  account  of  a  lecture  by 
Professor  Judd,  delivered  at  the  Royal  InstituHon  on 
January  30  last,  on  some  phenomena  of  crystallization.  I 
was  present  at  the  same  Institution  on  one  of  the  Friday 
evenings  upwards  of  forty  years  ago,  when  Professor  Faraday 
performed  an  experiment  which  greatlv  impressed  me.  He 
poured  water  into  a  test-tube,  and  added  to  it  an  intense 
colouring-matter,  such  as  sulphate  of  indigo,  and  then  placed 
the  tube  in  a  freezing-mixture :  the  water  in  freezing  drove 
the  whole  of  the  colouring-matter  into  the  axis  of  the  tube, 
so  that  it  could  be  poured  away,  and,  the  cavity  being  rinsed 
out,  a  plug  of  pure  transparent  ice,  entirely  free  from  colour- 
ing-matter, was  withdrawn.  A  similar  experiment  Avasfc,  tried 
with  tbe  addition  of  sulphuric  acid  to  the  water,  and  in  a 
third  experiment  of  ammonia  ;  and  in  these  cases  also,  the 
water  in  freezing  expelled  both  the  acid  and  the  alkali,  so 
that  the  ice  in  each  case  on  being  melted  could  be  tested  for 
either  with  negative  results.  In  order  to  free  the  resulting 
ice  from  air  particles,  the  contents  of  the  tube  were  gently 
stirred  with  a  feather,  and  reference  was  made  to  the  rapidity 
with  which  melting  ice  reabsorbs  air,  a  useful  provision  in 
the  case  of  aquatic  plants  and  animals,  as  was  recently  pointed 
out,  when  referring  to  the  necessity  of  breaking  the  ice  in 
fish-ponds. 

A  few  years  later,  it  was  noticed  that  a  large  block  of 
Wenham  Lake  ice,  when  illuminated  by  the  electric  light, 
presented  a  banded  structure,  which  Faraday  explained 
with  reference  to  the  experiments  above  noticed.  Suppose 
the  first  layer  of  water  in  a  still  lake  to  freeze,  it  would  reject 
any  saline  or  other  foreign  matter  into  the  layer  of  water 
below,  and  sliould  the  temperature  continue  to  fall,  the  second 
layer  would  be  unable  to  reject  the  particles  derived  from  the 
first  in  addition  to  its  own,  and  so  this  double  set  of  particles 
becoming  entangled  in  the  ice,  would  so  far  alter  its  structure 
that  it  may  be  called  amoi'phoiis,  while  the  first  layer  would  be 
crystalline.  As  the  freezing  ])roceeded,  the  third  layer  would 
be  in  an  analogous  position  to  the  first,  and  the  fourth  layer 
would  be  in  a  similar  conilition  to  the  second.  In  this  way 
we  might  have  alternate  bands  of  crystalline  and  amorj)lK)US 
ice  to  a  considerable  depth. 

Among  tlu!   Finchley  gravels  we  may  sonu^inics  jiick   up 

*  Uommiinioated  bv  the  Author. 
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pebbles  known  as  handed  quartz.  At  one  time  I  had  several 
hundred  specimens,  most  of  which  I  have  distributed  among 
geolofjical  acquaintance?.  Tliey  consist  of  alternate  bands  of 
crystalline  and  amor[)lious  quartz,  and  the  latter  variety  being 
more  [lorous  :md  softer  than  the  former,  became  abraded 
during  the  rolling  on  the  ancient  sea-beach,  so  that  the  harder 
crystalline  portions  ])roject  like  the  teeth  of  a  saw.  Now 
there  must  have  been  a  time  in  the  history  of  this  planet  when 
quartz  was  in  a  state  of  fusion,  and  it  would  probably  contain 
minute  particles  of  matter  entangled  within  it.  Supposing  the 
temperature  to  have  become  sufKciently  reduced  for  crystalliza- 
tion to  set  in,  the  first  layer  in  crystallizing  would  reject  its 
foreign  matter  into  the  second  laver,  and  thus  form  two  lavers 
of  crystalline  and  amorphous  quartz  ;  ilie  process  being  re- 
peated, we  might  have  ten  or  a  dozen  alternate  bands  thus 
formed,  the  breaking-up  of  the  mass  into  smaller  fragments  and 
their  roiling  into  j)ebbles  under  the  tidal  action  being  subse- 
quent events. 

Such  a  suggestion  is  of  course  inadequate  to  account  for 
the  formation  of  siliceous  minerals.  Indeed,  in  the  present 
state  of  our  knowledge,  it  is  quite  impossible  to  do  so,  and  the 
trivial  names  of  the  different  varieties  sufficiently  point  to  our 
ignorance.  In  the  formation  of  the  agates  it  is  evident  that 
the  successive  layers  were  gradually  formed  at  different  times, 
and  the  name  of  this  mineral  is  said  to  be  derived  from  the 
river  where  specimens  of  it  were  found,  namely,  the  Achates 
in  Sicily,  now-  known  as  the  Drillo,  in  the  Val  di  Xoto.  It  is 
true  that  the  carnelian  is  named  from  its  resemblance  to  coro, 
earni-s,  "  fiesh,"'  as  applied  to  the  red  variety,  but  this  name 
is  not  appropriate  to  the  yellow.  Onyx  is  so  called  I'rom  its 
resemblance  to  the  human  nail,  ovv^,  u/Hfuis  ;  but  sardonyx  is 
derived, according  to  some,  from  Sardcsin  Lydia,or  from  Sardo, 
the  Greek  name  for  Sardinia,  as  chalcedony  is  from  Chalcedon 
in  Bithynia.  One  of  the  most  curious  derivations  is  a  variety 
of  chalcedony  of  an  ajiple-green  colour,  due  to  oxide  of  nickel, 
known  as  chrysopiase,  from  p^puo-eo?, ''  beautiful,'"  and  irpdaov, 
"a  leek."  Other  siliceous  minerals  with  trivial  names  might 
also  be  referred  to. 

Professor  Graliam  read  a  paper  before  the  Royal  Society  in 
18t)4:  on  the  properties  of  Silicic  Acid  and  other  analogous 
colloidal  substances,  in  which  he  says: — "  The  formation  of 
quartz  crystals  at  a  low  temperature,  of  so  frequent  occurrence 
in  nature,  remains  still  a  mystery.  1  can  only  imagine  that 
such  crystals  are  forjned  at  an  inconceivably  slow  rate,  and 
from  solutions  of  silicic  acid  which  are  extremely  dilute. 
Dilution,  no  doubt,  weakens  the  colloidal  character  of  such 
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substances,  and  may  therefore  allow  their  crystallizing 
tendency  to  gain  ground  and  develope  itself,  particularly 
where  the  crystal  once  formed  is  completely  insoluble,  as 
with  quartz."  Prof.  Graham  found  that  a  liquid  silicic  acid 
of  10  or  12  per  cent,  coagulates  or  pectizes  spontaneously  in 
three  hours  at  the  ordinary  temperature,  and  immediately 
when  heated.  A  liquid  of  5  per  cent,  may  be  preserved  for 
five  or  six  days  ;  a  liquid  of  2  per  cent,  for  two  or  three 
months  ;  and  a  liquid  of  1  per  cent,  had  not  pectized  after  two 
years.  Dilute  solutions  of  O'l  percent,  or  less  are  probably 
unalterable  by  time,  and  hence  the  possibility  of  soluble  silicic 
acid  existing  in  nature.  It  was  not  found  that  any  solution, 
weak  or  strong,  of  silicic  acid  in  water  showed  any  disposition 
to  deposit  crystals  ;  but  it  always  appeared  on  drying  as  a 
colloidal  glassy  hyalite. 

In  connexion  with  this  subject,  we  may  refer  to  Professor 
BischoflP  in  his  Chemical  and  Physical  Geology  (Cavendish 
Society).  He  states  that  crystals  of  gypsum,  thirteen  lines  in 
diameter,  have  been  formed  within  four  or  six  years  on  the 
thorn  walls  of  salt-works,  from  drops  of  brine  containing 
sulphate  of  lime.  Gypsum  dissolves  in  4G0  parts  of  water  ; 
the  water  of  some  springs  contains  1-10, 000th  of  silica,  so 
that  this  solution  is  about  twenty-two  times  more  dilute  than 
the  former.  Supposing  a  crystal  of  quartz,  one  inch  in 
diameter,  to  form  under  circumstances  similar  to  those  that 
produce  a  gypsum  crystal  of  the  same  dimensions,  rather 
more  than  a  century  would  be  required  ;  the  water  perco- 
lating through  the  thorn  laggots,  and  depositing  nothing  but 
silica,  would  in  that  time  form  a  crystal  of  quartz  consisting 
of  4,7(5(3,652  concentric  layers  of  silica,  each  about  one 
millionth  of  a  line  in  thickness;  but  as  the  water  of  springs 
usually  contains  much  less  than  l-10,000th  of  silica,  the 
time  would  jirobably  have  to  be  doubled,  or  even  further 
increased  ;  but  such  periods  are  by  no  means  remarkable  in 
geological  phenomena. 

In  the  early  proceedings  of  the  Geological  Society,  Mi-. 
Bowerbank  described  some  moss  agates  from  Oberstein,  con- 
taining remains  of  sponges.  In  1848  Mr.  Hamilton  stated 
that  the  real  agates  of  Oljcrstein  are  found  in  igneous  rocks, 
so  that  they  could  not  contain  the  remains  of  organic  bodies. 
Whereu[)on  Mr.  Bowerbank  produced  sections  of  moss-agates, 
and  placed  them  under  a  powerful  microscope,  when  Mr. 
Hamilton  admitted  that  they  certaiidy  did  contain  remains  of 
spongeous   structure*,  but  how  far  they  are  really  found  at 

*  The  chalk  (lints  best  known  tn  nie  nie  those  found  near  Salit^bury, 
and  they  commonly  have  a  sponf-eous  nucleus. 
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Oberstein,  or  merely  brought  there  to  be  cut  and  poh'shed,  is 
.'mother  question.  It  subsequently  became  known  that  large 
numbers  of  these  agates  were  imported  from  Brazil  and  other 
places. 

The  effect  of  small  portions  of  foreign  matter  in  modifying 
the  structure  and  i)}iysical  properties  of  siliceous  minerals  is 
a  difficult  subject,  and  often  one  of  no  little  embarrassment  to 
the  mineralogist.  In  agate,  for  example,  there  may  be  98 
per  cent,  of  silica,  and  minute  portions  of  iron,  in  zigzag  lines, 
as  in  the  variety  known  as  fortification  agate  ;  in  other 
s])ecimens,  in  various  forms  of  animals  and  plants.  These 
lines  seem  to  be  the  edges  of  successive  layers  of  material 
during  the  process  of  formation.  Advantage  has  been  taken 
of  these  lines  to  stimulate  the  artist  to  complete  some  of  them 
into  the  forms  of  natural  objects,  forming  what  the  French 
call  apafes  zoomorphytes.  These  curiosities  were  in  demand 
among  the  ancients.  Thus  Pliny  (Lib.  37,  Cap.  75,  &c.) 
refers  to  three  metliods  of  manufacture,  and  describes  an 
agate,  the  natural  nuirkings  of  which  represent  Apollo  and 
the  Nine  Muses.  In  the  British  Museum  there  is  a  globular 
or  Egyj)tian  Jasper,  which  exhibits  in  the  two  fractured  sur- 
faces a  likeness  of  the  poet  Chaucer.  There  is  no  reason  to 
suppose  that  this  has  been  doctored,  but  of  course  there  is  a 
strong  temptation  to  fabricate  these  trifles,  since  they  fetch  a 
high  jirice.  Brard,  in  his  Mineralogie  appliquee  mix  Arts, 
describes  how  chalcedony  may  be  etched  with  a  metallic 
solution,  such  as  blue  vitriol  in  aquafortis,  the  result  on  drying 
being  corroded  lines  of  a  brown  colour.  But  he  adds  that 
designs  produced  in  this  way  have  a  more  finished  ajijiearanco 
than  the  natural  markings.  Italv  still  continues  to  be  the 
seat  of  this  manufacture,  as  it  ])rol)al)lv  was  in  Pliny's  time. 

Various  devices  are  adopted  at  Oberstein  for  conferring  an 
ornamental  value  on  agates  and  other  jiebbles,  whether  native 
or  imported.  In  one  process  the  cut  stone  is  covered  with  a, 
layer  of  carbonate  of  soda,  and  heated  to  redness  in  a  muffle. 
This  produces  a  white  opacpie  enamel,  as  hard  as  the  stone 
itself,  and  adajjtiHl  to  cameo  cutting.  A  similar  result  was 
produced  during  the  great  lire  at  the  Tower  of  London  some 
years  ago,  when  many  of  the  gun-flints  encountered  a  rain 
of  fused  nitre,  and  so  became  encrusted  with  white  enamel. 
Advantage  is  taken  of  the  banded  structure  of  somf»  of  the 
})ebl)les  to  colour  the  amorjthous  (|uart/-  artificially.  The 
pel;l)les  are  waslnnl  and  dried  and  then  placed  in  an  aqueous 
solution  of  honey  or  of  sugar,  about  half  a  pound  to  a  pint. 
The  vessel  is  then  put  on  a  stove,  or  in  hot  ashes,  and  fresh 
liquid  is  supplied  from  tinu^  to  time,  so  as  to  keep  the  stones 
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always  covered.  In  this  state  they  remain  lor  two  or  three 
weeks,  when  thev  are  transferred  to  a  vessel  containini£  com- 
niercial  oil  of  vitriol,  and  gently  heated.  After  some  hours 
the  stones  are  washed,  dried  on  the  stove,  and  transferred  to 
the  lapidary.  After  being  cut  they  are  steeped  in  oil  for  a 
day  ;  this  causes  small  crevices  to  disappear,  and  gives  a 
better  lustre  to  the  stones  after  poh'shing  with  oil  and  bran. 
The  action  of  the  sulphuric  acid  is  to  Hll  uj)  the  porous  bands 
with  carbon  so  as  to  produce  greyish-brown  or  black  stripes, 
while  the  non-absorbent  bands  become  opaque  white.  Onyxes 
are  prepared  from  Brazilian  pebbles.  A  fine  citron-yellow, 
uniform  or  in  stripes,  or  in  cloudy  patches,  is  given  to  chal- 
cedony by  first  drying  the  stones  on  a  stove,  and  then 
immersing  them  for  two  or  three  weeks  in  hydrochloric  acid. 
This  contains  a  little  iron,  which  is  ])robably  the  source  of  the 
colour.  A  blue  colour  is  produced  by  steeping  the  chalcedony 
in  a  solution  of  protosulphate  of  iron,  and  then  in  one  of 
prussiate  of  potash.  Other  colours  are  similarly  produced 
by  forming  precipitates  within  the  stone.  Even  cochineal 
will  impart  its  colour  to  agate.  By  the  action  of  heat  and 
various  chemicals  a  great  variety  of  ornamental  pebbles  are 
manufactured,  some  of  which  fetch  a  high  price,  such  as  the 
milky-white  chalcedonies,  with  dendritic  brown  and  black 
figures.  Striped  stones  are  converted  into  sardonyxes,  and 
stones  of  one  colour  contract  true  carnelian  tints.  In  some 
cases  the  pebbles  are  dried  on  a  very  hot  stove  during  some 
weeks,  then  wetted  with  sulj)liuric  acid,  and  raised  to  a  red 
heat  in  a  luted  crucible  ;  they  are  then  allowed  to  cool  slowly, 
and  the  effect  of  the  heat  has  been  to  deprive  the  hydrated 
oxide  of  iron  of  water,  when  the  oxide  combining  with  the 
silica  develops  the  carnelian  colour. 

It  would  be  a  useful  but  difhcnlt  incjuiry  to  determine  the 
influence  exerted  by  small  quantities  of  apparently  foreign 
or  accidental  impurities  in  modifying  the  structure  of  siliceous 
and  other  minerals.  These  presumably  accidental  ingredients 
bear  the  odd  and  apparently  inappropriate  name  of  Mineral- 
izers.  Their  effect  in  producing  a  molecular  change  in 
structure  seems  to  be  undoubted,  but  the  necessity  for  a 
searching  inquiry  seems  to  be  evident,  on  account  of  the  con- 
tradictory statements  that  are  occasionally  met  with.  For 
example,  the  green  colour  of  the  emerald  is  said  to  be  due  to 
chromium  oxide,  but  Lewy*  attributes  it  to  the  presence  of  a 
minute  proportion  of  an  organic  hydrocarbon,  which  is  dissi- 
pated by  a  strong  heat,  which  would  have  no  ettect  on  chromium 

*   Ann.  dc  Chemie,  1858,  t.  liii. 
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oxide.     Badly  coloured  carnelians  are  converted  by  the  action 
of  heat  into  a  uniform  red. 

The  influence  of  small  quantities  of  forei;^  matter,  in 
modifying  structure,  may  also  be  noticed  in  some  cases  of 
saline  compounds.  A  striking  experiment  may  be  shown 
on  a  large  scale  with  a  supersaturated  solution  of  potash 
alum.  If  a  nucleus  be  added,  octohedral  crj-stals  slowly 
descend,  until  the  whole  of  the  solution  becomes  sohd.  But 
if  to  the  boiling  solution  a  pinch  of  carbonate  of  potash 
be  added,  there  is  a  brisk  momentary  etfervescence  on  the 
surface,  and  when  the  solution  is  cold  it  will  deposit,  not 
octohedral,  but  cubic  crystals  of  alum.  So  also  sal-ammoniac 
crystals  are  modified  by  the  presence  of  small  doses  of  urea  or 
of  boracic  acid.  Connnon  salt  is  another  case,  when  under 
the  influence  of  a  small  quantity  of  corrosive  sublimate. 
Pasteur's  discovery  of  two  unsymmetrical  varieties  of  tartaric 
acid"^  are  also  well  known,  but  his  curious  experiments  on 
bimalate  of  ammonia  will  bear  repetition  f.  This  salt  crys- 
talizes  at  ordinary  temperatures  in  two  forms :  first,  in  that 
of  a  right  rhombic  prism  in  which  the  edges  are  bevelled  ; 
secondly,  one  in  which  the  form  is  the  same,  but  the  top  and 
bottom  edges  have  a  double  bevel,  as  at  11  L,  fig.  2.     The 
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bevels  are  also  striated,  but  the  stria?  are  not  found  on  the 
side  truncations  M,  M.  If  one  or  more  of  the  solid  angles  be 
rubbed  or  filed  down,  as  at «,  />,  o,  fig.  3,  and  ])laced  in  a  pure 
solution  of  the  salt,  the  damnge  becomes  restored  in  a  few 
hours.  But  if  the  solution  be  contaminated  with  some  of  the 
products  of  decom})osition  of  the  salt,  occasioned  by  the  heat, 
not  only  are  the  angles  restored,  but  the  upper  and  lower 
edges  become  bevelled,  as  in  fig.  2.  The  presence  of  these 
secondary  laces  seems  to  be  due  to  imjiurities  in  the  solution, 
and  to  exert  some  action  on  the  growth  of  the  crystal  in  its 

*  Ann.  df.  CJiem.  et  de  Phys.  s6r.  3,  xxiv.  et  xxvii. 
t  Ibid.  xlix. 
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different  dimensions ;  that  is,  a  deposit  takes  place  more 
rapidly  in  a  perpendicular  than  in  a  lateral  direction,  the 
crystal  increasing  much  more  in  length  A  C  than  in  width 
A  B  in  a  solution  which  gives  the  bevellings  ;  while  in 
another  solution  in  which  the  secondary'  faces  are  not  pro- 
duced, the  crystal  increases  a  little  more  in  width  than  in 
length.  A  complete  crystal  which  had  not  the  secondary 
faces,  was  bisected  in  the  direction  of  its  cleavage  plane  ;  one 
portion  was  put  into  the  solution  which  gives  the  bevellings, 
fig.  2,  and  the  other  into  the  pure  solution,  %vhich  produces 
only  the  single  bevel,  No.  1.  The  conditions  in  other  respects 
were  the  same,  the  two  vessels  being  of  the  same  size  and 
material,  placed  side  by  side  on  the  same  table  and  exposed  for 
the  same  number  of  hours  at  the  same  temperature  ;  and  yet 
next  morning  the  two  crvstals  were  completely  restored,  one 
with  its  double  and  the  other  with  its  single  bevelled  edges, 
as  in  figs.  1  and  2  ;  but  the  crystal  No.  1  w^as  much  wider 
than  No.  2,  and  No.  2  much  longer  than  No.  1. 

It  was  supposed  that  if  this  mode  of  increase  bore  relation 
to  the  variation  in  form,  the  double  bevelment  might  be 
excited  in  the  pure  solution  which  does  not  produce  it  under 
normal  conditions,  by  means  of  some  contrivance  wdiich  would 
prevent  the  lateral  growth  of  the  crystal,  while  it  encouraged 
the  abnormal  growth  lengthwise.  Accordingly,  a  single 
bevelled  crystal,  fig.  1,  had  slips  of  tin  foil  or  metalhc  paper 
attached  to  its  lateral  facets,  while  its  upper  and  lower  bevels 
were  rubbed  down.  The  crystal  thus  prepared  was  put  into 
a  pure  solution  under  conditions  like  those  of  the  crystal  in 
the  impure  solution.  Next  day  it  was  found  that  the  crystal 
had  resumed  its  regular  form,  the  bevels  being  produced  as 
in  No.  2.  The  experiment  was  varied  in  different  ways,  and 
measurements  were  made  showing  the  rate  of  increase  in 
length  and  in  width  of  the  two  varieties  of  the  salt.  Hence 
it  appears  that  foreign  matters  in  solution  may,  in  the  act  of 
crystallization,  change  the  relations  of  increase  according  to 
the  three  dimensions  of  the  salt,  an  effect  which  is  as  much 
physical  as  chemical.  The  relations  of  the  mutual  attraction 
of  the  saline  molecules,  according  to  their  different  sides,  thus 
become  changed  by  the  presence  of  a  minute  quantity  of 
foreign  matter,  and  new  relations  are  set  up  between  the 
number  of  particles  deposited  in  the  unit  of  time  ;  thereby 
allowing  or  disallowing  the  existence  of  certain  facets  com- 
patible  nevertheless  wMth  the  primitive  form  of  the  crystal. 

Higbgate,  N., 
March  31,  1891. 
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XL  VII.  A  Comparison  of  the  Bourdon,  the  Tait,  and  the  Amagat 
IJigh-Fressure  Gauges.     By  C  Barus*. 

I.  'PRELIMINARY. — In  my  earlier  work  t  I  was  obliged 
-*"  to  content  myself  with  eini)irio  pressure  measure- 
ment. I  found,  l)v  coniparin;^"  ditferent  Tait  gauges  of  my 
own  with  a  large  Bourdon  gauge,  that  so  long  as  pressure 
continually  increased  from  zero,  the  relation  between  the  indi- 
cations of  each  under  like  conditions  of  pressure  was  linear  ; 
but  that  when  pressure  again  decreased  from  a  high  value  (1000 
atmospheres  or  more),  this  relation  changed  to  a  markedly 
curvilinear  locus,  terminating,  however,  in  the  original  zeroj. 
I  inferred  that  so  long  as  increasing  pressures  alone  were 
applied,  both  gauges  could  be  used  with  safety.  The  present 
work,  in  which  the  two  gauges  are  directly  compared  with 
Amagat's  "  manometre  a  pistons  libres,"  corroborated  this  in- 
ference, and  shows  that  the  bow-shaped  cycles  represent  the 
actual  motion  of  the  free  end  of  the  Bourdon  tube.  From 
this  point  of  view  the  data  are  important,  for  they  supply  an 
example  of  purely  mechanical  hysteresis,  and  possibly  of 
metallic  volume-la<jf.  The  data  also  show  that  cvclic  change 
is  absent  in  the  Tait  gauge,  and  indicate  a  way  in  which  this 
instrument  may  be  adapted  for  the  precise  measurement  of 
pressures  of  any  value  whatever. 

2.  AmagaVs  Manometre. — The  instrument  §  in  possession 
of  the  Physical  Laboratory,  U.S.G.S.,  is  constructed  for 
measuring  pressures  as  high  as  3000  atmospheres.  At  this 
limit  the  height  of  the  compensating  column  of  mercury  (the 
diameters  of  the  two  pistons  being  "549  centim.  and  12*171 
centini.  respectively)  will  be  about  4')4  centim.  To  read  so 
long  a  column  with  reasonable  facility,  I  fixed  a  painter's 
ladder  in  a  vertical  position,  and  permanently  attached  to  one 
side  of  it  both  the  manometer-tube,  and  a  millimetre-scale 
which  I  ruled  with  care  on  a  sufficiently  long  strip  of  brass. 
A  round  leather  belt,  passing  from  top  to  bottom  of  the 
ladder,  and  everywhere  within  easy  reach,  was  suitably  con- 
nected with  the  mechanism  for  rotating  the  two  pistons.  I 
was  thus  able  to  give  the  two  pistons  the  rotational  movement 
immediately  before  taking  the  gauge-reading,  no  matter  what 
my  position  on  the  ladder  might  be. 

I  found  by  trial,  that  by  using  the  thick  mineral  machine- 

*  Coramunirnted  bv  the  Author. 

t  This  Ma-azini^,  [5]  xxx.  p.  38S  (1S90). 

X  Ibid,  plate  x.     Tlie  zero  is  not  quite  regained. 

§  Marked  "  E.  H.  Amagat,  Lyon,  1800." 
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oil  mentioned  in  my  last  paper*,  the  manometre  could  be  at 
once  connected  with  the  screw-compressor.  I  also  floated 
the  lower  piston  in  this  oil.  Thus  the  same  oily  liquid  is  used 
for  the  transmission  of  pressure,  with  advantage,  I  think, 
throughout  the  system  of  apparatus. 

3.  The  Bourdon  Gauge. — The  gauge  used  was  the  same  to 
which  my  earlier  measurements  apply,  having  a  tube  of  steel 
or  iron  f-  I  made  two  series  of  comparison  of  this  gauge 
with  the  manometre.  In  the  first  of  these,  the  usual  multiply- 
ing gear  was  used  ;  in  the  other  the  excursions  of  the  free 
end  of  the  Bourdon  tube  were  read  off  directly  with  a  Fraun- 
hofer  microsco})ic  micrometer,  after  the  multiplying  gear  had 
l)een  removed.  Tables  I.  and  II.  contain  examples  of  the 
measurements  made.  There  are  four  series  of  observations, 
two  of  them  within  an  interval  of  500  atmospheres,  the  other 
two  within  1000  atmos})heres.  In  lioth  eases  two  values  are 
shown  for  each  stop  of  pressure.  Taljle  II.  gives  the  micro- 
meter position  of  the  free  end  of  the  Bourdon  tube  prolonged, 
in  centim.  /40,  this  being  the  scale  part  of  the  micrometer. 
As  usual,  the  observations  were  made  in  triplets,  two  at  the 
manometre,  including  each  one  at  the  Bourdon  gauge. 

Tablp]  I. — Cyclic  Comparisons    of  the  Bourdon   Grange 
(multiplying  gear)  with  the  Amagat  Manometre. 


'Bourdon, 


Atm. 

*188 
174 
322 
312 
457 
44fi 
31(5 
313 
1(52 
165 
27 


Amagat. 


Attn. 

*185 
173 
325 
314 
459 
448 
314 
311 
157 
158 
23 


Bourdon.  Amagat 


Atm. 

444 

433 

224 

225 

83 

84 

2U 


Atm. 

447 

435 

219 

221 

78 

78 

16 


I  Bourdon,'  Amagat. 


**29 
172 
168 
317 
305 
462 


170 
165 
318 
306 
464 


+21 
242 
231 
472 
457 
660 
640 
859 
844 


+16 
241 
232 
474 
4(51 
660 
642 
849 
833 


Atm. 
991 
977 
847 
837 
651 
646 
475 
475 
262 
263 
28 


Atm. 
982 
962 
815 
804 
606 
601 
421 
420 
223 
225 
16 


+30 
251 
24.-. 
465 

458 


J19 
250 
24S 
468 
458 


Bourdon. 

Amagat. 

Atm. 

Atm. 

650 

653 

(H5 

647 

855 

860 

a38 

832 

985 

982 

977 

960 

964 

954 

950 

937 

840 

809 

834 

802 

631 

587 

626 

582 

440 

386 

440 

386 

260 

215 

264 

222 

35 

23 

*  First  series.        **  Second  series.        +  Third  series.       \  Fourth  series. 

*  This  Magazine,  [5]  xxxi.  p.  10  (1891). 

t  Probably  of  iron;  unfortunately  I  cannot  tell  which  witUout  ana- 
lysing the  tube  or  breaking  it. 
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Table    II. — Cyclic    comparison.s    oi'  the    Bourdon    Grauge 
(Fraunhofer  Micrometer)  with  the  Ama^at  Manom^tre. 


Bourdon. 

Amagat. 

Bourdon. 
cm./40. 

Amagat. 
atm. 

Bourdon. 
cm./40. 

Amagat. 

Bourdon, 
cm.^  40. 

Amagat. 

<;in./-{U. 

atm. 

atm. 

:itm. 

*19-()9 

*  U 

(',•12 

914 

1 18-92 

•1    1     i 

6-33 

901 

l(v()4 

228 

7-94 

753 

15-83 

242 

8-20 

iryd 

1(>12 

227 

8  3() 

753 

15-87 

239 

8-39 

739 

no.'! 

.523 

11-20 

.535 

1191 

52;3 

11-08 

539 

'     1219 

.-)18 

11-28 

534 

12  20 

513 

11-08 

M9 

1      8-40 

772 

i:>  IS 

251 

8-80 

730 

14-80 

270 

i       8-oH 

7C,") 

l.-rl8 

254 

918 

720 

14-SO 

274 

5-23 

9Ci9 

18-97 

0 

5-25 

9(>y 

1906 

0 

1       5-f56 

95(5 

5-70 

950 

602 

914 

616 

935 

*  First  series. 


t  ^^eeolld  series. 


4.  It  appears  from  Table  I.  tliat  if  allowance  be  made  for 
errors  of  readino-,  the  observations  of  the  first  two  series  lie 
on  a  straight  line.  The  factors,  l^ourdon/ Amagat,  in  the  tirst 
series  are  "DDb  in  the  on  march  and  "987  in  the  otf  march.  In 
the  second  series  these  factors  have  changed  to  'ilS-I  and  '992 
respectively.  It  follows  from  both  series  that  within  500 
atmospheres  a  cyclic  march  does  not  appreciably  occur. 

In  the  third  series,  which  shows  a  change  of  rate  above 
700  atmos])heres,  on,  the  return  march  is  distinctly  cyclic, 
and  at  500  atmospheres  the  zone  shows  a  breadth  of  almost 
50  atmospheres.  The  zero  is  regained  within  10  atmospheres. 
The  mean  factors  are  -991  below  and  I'OOS  above  700 
atmospheres,  on.  The  factor  of  the  off  march  is  of  no  interest. 
Remarks  of  the  same  kind  apply  in  cases  of  the  fourth  series, 
where  the  factors  are  '982  below  and  1'072  above  700  atmo- 
spheres, on.  Some  irregularity  in  this  series  is  due  to  un- 
warrantably vigorous  tapping. 

Thus  it  appears  that  the  inference  drawn  in  the  earlier 
paper*  from  a  comparison  of  the  Bourdon  and  the  Tait 
gauges  is  valid.  The  breadth  of  the  cycles  here  was  al)out 
40  atmospheres.  It  is  gratifying  to  note  that  even  the 
standard  atmosphere  used  was  correct  to  1  per  cent.  Tlie 
])resent  results,  however,  go  further  :  since  the  whole  of  the 
cyclic  motion  is  in  the  Bourdon  gauge,  the  indications  of  the 
Tait  gauge  will  j)robably  be  found  very  near  the  truth. 

a.  My  reasons  for  regarding  the  mechanism  of  the  gauge 
as  riJatively  ])erfect  were  given  elsewhere  (/  c. )  :  but  it  is 
necessary  to  verify  this  conclusion  by  a  direct-reading  screw- 
micrometer.     Care   was   taken  to   tix   the  axis  of  the  screw 

*  rhil.  Miij,'.  (_5j  xxx.  p.  340. 
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parallel  to  the  line  of  motion  of  the  free  end  of  the  Bourdon 
tube,  which  hne  was  found  to  be  about  '4  centim.  long,  and 
inclined  at  an  angle  of  nearly  45°  with  the  tangent  at  the  free 
end.  The  long  slender  conoidal  plug,  at  the  end  of  which 
these  measurements  were  made,  was  about  10  centim.  long. 
Of  the  two  series  given  in  Table  II.,  the  first  shows  some 
convexity  upward  in  the  on  march,  where  the  mean  factor  is 
•0003G2  cm./atm.  The  data  of  the  off  march  show  dis- 
tinct convexity  downward.  Thus  the  curves  form  a  cycle 
whose  mean  breadth  is  40  atmospheres,  agreeing  substantially 
with  §  4.  The  data  of  the  second  series,  which  show  rather 
better  agreement  among  themselves,  in  other  respects  cor- 
roborate the  first  series  throughout.  The  factor  is  '000361 
cm./atm.  Many  other  measurements  both  within  500 
atmospheres  and  1000  atmospheres  were  made,  from  which 
the  absence  of  cycles  in  case  of  the  smaller  interval  was 
again  manifest. 

The  bow-shaped  cycles  obtained  in  the  present  and  the 
earlier  paper*  are  therefore  cases  of  actual  hysteresis.  I 
venture  to  regard  the  phenomenon  as  depending  on  the 
occurrence  of  volume-lag  in  those  parts  of  the  tube  which 
are  directly  influenced  by  pressure.  In  other  words,  the 
molecules  of  the  metal  near  the  inside  of  the  Bourdon  tube 
pass  from  the  original  to  a  second  molecular  state,  in  pro- 
})ortion  as  a  certain  pressure  P  is  ap])roaehed  and  exceeded  ; 
whereas  these  molecules  puss  from  the  second  state  back  to 
the  first  again,  in  proportion  as  pressure  falls  below  a  certain 
other  datum  i>,  where  P>y;.  Tables  I.  and  II.  show  that 
P  must  lie  somewhere  between  500  atm.  and  1000  atm., 
whereas  /(  may  lie  below  300  atmospheres.  Here,  therefore, 
is  a  phenomenon  very  similar  to  the  efiect  of  pressure  on  an 
under-cooled  liquid  f. 

*  Phil.  Mag.  [5]  xxx.  p.  .344  et  .seq.  (1890).     See  plate  x. 

t  Two  citJier  possible  explanatious  of  the  cyclic  changes  may  be  uoted. 
lu  the  first  place  it  is  conceivable  that  the  Bourdon  tube  is  hotter  during 
the  off  march  than  during  the  on  nuircli.  To  test  this  directly  it  would 
be  necessary  to  submerge  the  tube  iu  a  wator-l)ath.  which  is  scarcely 
feasible  without  impairing  the  mechanism.  I  hold  this  explanation  im- 
probable ;  for  if  it  were  true,  the  comparison  witJiiu  oOO  atmospheres 
should  show  a  cycle  proportional  in  magnitu<le  to  the  cycle  for  the  interval 
1000  atmospheres,  which  it  does  not.  Again,  cycles  should  quite  vanish 
on  long  waiting  (five  minutes  were  allowed  per  observation  in  my  earlier 
work),  which  they  do  not.  The  other  explanatiun  seems  equally  im- 
probable. Tliere  may  be  two  figures  of  equilibrium  of  the  Bourdon  tube, 
one  corresponding  to  low  pressure,  the  other  to  iiigh  pressure:  and  the 
figure  of  labile  equilibrium  through  which  the  tube  passes  from  the  first 
to  the  second  may  be  maintained  over  a  relatively  large  interval  of 
pressure . 
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(>.  The  Tait  Ganr/e. — In  Table  III.  I  j^ve  two  series  of 
cyclic  compiirisons  of  the  Tait  ^au<fe  with  the  Amagat  mauo- 
metre.  The  plan  of  work  i«?  similar  to  that  (le.>icribed  in  §  3. 
Readings  were  made  in  triplets.  An  interval  of  two  minutes 
was  allowed  for  cooling  after  each  step  of  compre.«;sion.  The 
Tait  gauge  used  is  the  same  to  which  my  earlier  observations 
ap[)ly*.  The  interval  of  comparison  is  1500  atmospheres. 
At  tiie  end  of  Table  III.  a  short  r(^sume  of  the  factors  (cm./atm.), 
corresponding  to  consecutive  pressure-intervals,  is  given. 

Table  III. — 03-^0110  Comparison  of  the  Tait  Gauge  (steel 
tube)  with  the  Amagat  Manometre. 


Tait. 

Amagat. 

Tait. 

Amagat. 

Tait. 

Amagat. 
atm. 

cm. 

atm . 

cm. 

atm.     1 

cm. 

12^65 

1 

40-72 

786 

58-58 

1294 

2105 

248     ' 

31-92 

539 

65-42 

1481 

20^73 

239     ' 

31-57 

530 

G4-05 

1437 

29-35 

487    : 

22-44 

271 

(52-50 

1398 

28-75 

4C.8 

22-49 

272 

62-00 

1384 

40-80 

804 

1305 

1 

58-50 

1289 

39-72 

7(58 

1285 

1 

58-15 

1277 

51 -((5 

1087     , 

49-49 

1038 

50- IH 

1059     1 

49-28 

1022 

5920 

1305     ' 

1290 

(1 

40-45 

785 

57-80 

12(56 

2130 

246 

40-23 

780 

()4-90 

14(50 

20-95 

23(5 

29-86 

489 

(i3-98 

1432 

3017 

498 

29-50 

480 

()330 

1414 

29-26 

484 

2001 

210 

62^50 

1394 

38-82 

743 

20  06 

209 

57-20 

1247 

38-09 

724 

12-85 

-1 

56-65 

1230 

50-14 

1057 

1293 

-1 

49-05 

1020 

49-10 

1033    ; 

41-00 

796    1 

60-19 

1335 

Fac 

tors  of  th 

B  Tait  Gauge.     Mean  Factor  -03596  cm.  atm. 

.'"^I'l-ies. 

atm. 
1.,  on  . .. 

I.,  on  ... 

I.,  on  ... 

1..  off... 

I.,  off.. 

1.,  off... 

j'rcssure- 
interval. 

Factor. 

Means        „    . 
onandoff.     ^^"^'^• 

II..  on... 

•03(528    11.,  on... 

II.,  on... 

j                 II..  off... 

•03576    II.,  off... 

II..  off... 

Pressure- 
interval. 

atm. 
200  to  1000 

.500  to  1300 

7tX)  to  1500 

800  to  1400, 

500  to  1300| 

2tX)  to  UXK)' 

1 

T^    .           Means, 

^''"''^'-   onandoffi 

1 

cm./atm. 
200  to  1100 

500  to  1300 

8(.M»to  1500 

800  to  1400 

500  to  1200 

3(X)  to  1000 

cni./atm. 
•03580 

3640 

3(5(54 

•03595 

3577 

35.")5 

cm.  atm. 
•03544 

3602 

3625 

•0361M 

3591 

3579   i 

cm.  atm. 
•0359t> 

! 

•03591 

Thia  Mrt^i-Hziue,  [6]  .\.\.\.  p.  .^44,  §  18  (18!)0).     Gauge  No.  1. 
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7,  Table  III.  substantiates  the  general  inferences  of  §  4. 
In  the  first  series,  al)ove  ^iOO  atm.  on,  the  data  make  up  a 
straight  line.  Between  0  and  300  atm.,  on,  the  registration 
of  the  Tait  gauge  is  too  high,  being  more  in  error  as  the 
j)ressure-zero  is  approached.  In  the  off  series  all  the  points 
lie  on  a  straight  line  excepting  the  zero,  which  is  10  atm.  too 
high  on  the  Tait  gauge.  Thus  the  locus  consists  of  two 
straight  lines  converging  at  1500  atjn.,  and  the  cyclic  cha- 
racter in  §  3  does  not  appear.  In  the  second  series  these 
results  are  sustained,  though  the  off  march  returns  in  the 
line  of  the  on  march.  As  a  whole,  therefore,  the  observa- 
tions lie  on  a  very  flat  curve,  which  above  300  atm.  passes 
into  a  straioht  line.  It  is  difficult  to  conjecture  the  cause  of 
this  curious  low-pressure  discrepancy,  in  consequence  of  the 
number  of  minor  errors  which  may  be  encountered.  Possibly 
the  rise  of  temperature  of  a  liquid,  per  100  atm.  of  adiabatic 
compression,  may  decrease  with  increasing  pressure,  seeing 
that  at  low  pressures  compressibility  is  relatively  large. 
Table  III.  shows,  finally,  that  the  mean  factor  derived  from 
all  the  data  is  "03596  cm. /atm.  If  this  l)e  increased  '4  per 
cent,  to  allow  for  the  temperature  of  the  mercury  column  of 
the  manometre,  the  more  correct  value  is  "OStil  cm. /atm.  In 
my  former  paper "^  the  results  were  '0360  to  "0369,  showing 
that  my  empiric  standard  atmosphere  must  have  been  less 
than  2  pen-  cent,  in  error.  It  is  altogether  probable  that  this 
difference  of  factor  is  the  result  of  the  excessive  use  and  abuse 
to  which  the  Tait  gauge  was  put  during  the  intervening  nine 
months.  Indeed  1  believe  the  residual  errors  of  Table  III.  to 
be  duo  rather  to  unavoidable  fluctuations  of  the  temperature 
of  the  water-jacket  than  to  thermal  effects  of  compression  or 
viscosity  of  metal.  For  this  reason  I  doubt  whether  any 
permanent  expansion  of  the  metal  for  the  range  1500  atm. 
has  been  measured. 

8.  Summary. — In  the  attempt  to  carry  these  comparisons 
above  2000  atm.,  I  ruptured  the  stout  tube  which  coupled  the 
compressor  and  the  manometre.  The  above  work,  however, 
shows  conclusively  that  the  Tait  gauge  may  be  perfected  so  as 
to  be  available  for  precise  measurement.  It  is  perhaps  per- 
missible to  indicate  the  way  in  which  I  am  endeavouring  to 
do  this  here,  since  many  of  the  experimental  contrivances 
involved  have  already  been  tested.  Thus  far  the  most  annoy- 
ing difficulty  is  encountered  in  mainhiining  the  temperature 
of  the  water-jacket  sufficiently  constant.  A  point  of  progress 
will  be  gained  when  the  whole  gauge  (excepting  the  ca})illary 

*  rhil.  Mag.  [5]  xxx.,  Table  IV.,  p.  345  (1890).     In  tliis  table  reacl 
10'- X  cm.  atm.  instead  of  cm./atm. 
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tnbe)  is  constructod  of  metal.  Furthermore;  choice  must  be 
made  of  as  thin-walleJ  a  steel  measuring-tube  as  possible,  in 
order  that  the  volume-increase  due  to  pressure  may  be  larf|;e 
ndatively  to  the  simultaneous  fluctuations  of  temperature. 
This  can  be  accomi)lished  by  connecting  the  Tait  gauge  and 
the  compressor  by  an  interposed  jrisfon  Hire.  In  the  annexed 
diagram  let  AB   be   the   cylindrical    piston,  consisting  of  a 


single  piece  of  which  one  end  is  larger  in  diameter  than  the 
other*.  Let  this  piston  fit  the  hollow  cylinder,  CCC, 
accurately,  so  as  to  be  cajjable  of  motion  to  and  fro,  or  of 
rotation,  \\\i\\  the  minimum  of  friction.  Let  the  tube  D  l)e 
in  connexion  Avith  the  compi-essor,  the  tube  E  with  the 
Tait  gauge,  and  let  the  whole  apparatus  be  filled  with  oil  (§  1). 
Then  it  is  clear  that  exceptionally  high  jiressure  acting  at  D 
can  be  counterbalanced  by  ndativelv  low  pressure  at  E.' 
Hence  a  Tait  gauge  reading  to  only  lOOO  atm.  may  be  made 
to  indicate  pressures  two,  three,  or  many  tinu's  as  large  as 
this,  by  selecting  a  suitable  size  of  ]>iston  :  and  hence  an 
exceptionally  thin-walled  steel  tube  may  be  inserted  in  the 
gauge. 

I  am  far  from  underestimating  the  importance  of  Amagat^s 
manometre  as  a  standard  instrument  leading  at  once  to  abso- 
lute results  ;  but  it  is  certainly  uncomfortable  to  be  ()l)Iiged 
to  make  readings  on  a  colunm  4M)  metres  high  even  under 
favourable  circumstances.  Nor  would  it  conduce  to  con- 
venience and  certainty  if  the  registration  were  made  electri- 
cally. On  the  other  hand,  in  the  case  of  the  Tait  gauge,  the 
|iressures  are  read  oft"  on  a  horizontal  tube  about  one  metre 
long,  and  as  far  as  2000  atm.,  without  pistons  libres,  and 
therefore  (piite  without  unavoidable  leakage t  and  continually 
decreasing  pressure. 

*  My  collea<jui>  Dr.  William  Ilallock  devised  other  hiirh-pressurt^ 
appavixtus  ac-tiii;^-  eii  lli(>  above  principle,  some  time  ago. 

t  llcp-avdiiiji'  high-jiressiuv  <iftu>res  vig'orously  free  from  leakage,  let  me 
say  that  1  have  the  apparatus  ready  for  expressiug  pressure  in  terms  of 
tlie  isotlienual  diminution  of  tlie  eleetricresistauce  of  pure  mercm-y.  Vf. 
American  Journal,  xl.  p.  I'lO  (1800). 
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III.  On  the  Calcidafion  of  the  Coeficient  of  Viscosity  of  a 
jvidfrom  its  Rate  ofFloiv  tlirorigh  a  Capillary  Tithe.  By 
R.  WiLBERFORCE,  M.A.,  ] )emonstrator  in  Physics  of  the 
vendislt  Lahoratory,  Camhridge* . 
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IN  the  method  ordinarily  em|)loyed  for  calculating  the 
coefHcient  of  viscosity  of  a  liquid  from  observations  upon 
its  rate  of  transpiration  under  a  known  pressure  through  a 
capillary  tube  of  known  dimeusions,  it  is  assumed  as  a  first 
a])proximation  that  the  character  of  the  motion  at  all  sections 
of  the  tube  is  the  same,  and  that  the  motion  of  the  fluid 
outside  the  tube  can  be  neglected.  Thus,  to  this  approxi- 
mation, all  the  energy  supplied  to  the  liquid  is  supposed  to  be 
converted  into  heat  within  the  tube. 

If  greater  accuracy  is  aimed  at,  it  will  therefore  bo  neces- 
sary to  apply  corrections  on  account  of  (1)  the  motion  of  the 
fluid  outside  the  tube,  and  (2)  the  difference  of  character  of 
the  motion  within  the  tube  at  points  near  its  ends  from  that 
at  points  remote  from  them. 

The  second  of  these  causes  seems  hitherto  not  to  have  been 
considered  ;  but  a  value  for  the  correction  necessitated  by  the 
first  cause  was  investigated  by  Hagenbach  (Pogg.  Ann.  cix. 
18G0),  who  noticed  that  a  part  of  the  energy  supplied  still 
existed  in  the  issuing  fluid  as  kinetic  energy,  and  that  a  de- 
duction on  this  account  must  be  made  from  the  whole  eneroy 
given  to  the  liquid  before  it  could  be  equated  to  the  energy 
expended  within  the  tube.  The  validity  of  the  assumption 
upon  which  he  proceeds  is,  however,  very  doubtful  ;  but 
before  discussing  this  I  wish  to  point  out  an  error  in  the 
method  which  he  has  employed  in  calculating  his  correction. 

Let  p  be  the  density  of  the  liquid,  r  the  radius  of  the  tube, 
z  the  distance  of  a  point  from  the  axis  of  the  tube,  and  ^  the 
velocity  at  that  point  ;  then  we  shall  begin  by  assuming  that 
everywhere  in  the  tube,  even  at  the  end  from  which  the  fluid 
issues, 

Cx  [r'-z')  ; 

or,  if  ?'  denotes  the  mean  velocity  of  the  fluid, 
*  Comnmiiicated  by  the  Author. 
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Then  the  kinetic  energy  carried  out  by  the  issuing  fluid  per 
unit  of  time  is 


\    p'lir:  dz  .^  X  —   =7rpr'  v'. 

»  0 


Lot  the  transpiration  take  place  under  the  pressure  due  to  a 
cohunn  of  tlie  liciuid  of  height  //,  then  Hagonljacirs  reasoning 
is  as  follows  : — If  there  were  no  fluid  friction,  and  the  flow 
took  place  under  the  pressure  due  to  a  height  //,  the  velocity 
of  efflux  would  be  v^2^//.  and  the  kinetic  energy  leaving  the 

tube  per  second  would  be  irp-^ijigh')'  ;  hence  we  must  correct 

h  by  the  subtraction  of  a  quantity  //  given  by  the  equation 

whence 

This  reasoning  is  clearly  fallacious ;  for  the  pressure  which 
must  be  applied  to  produce  a  certain  amount  of  kinetic  energy 
per  unit  time  will  de{)end  upon  the  work  done  by  the  pressure 
in  that  time^  i.  e.  upon  the  volume  of  fluid  issuing  ;  and  this 
volume  in  the  actual  case  differs  from  that  in  the  ideal  case 
considered  by  Hagenbach. 

The  correct  reasoning  from  the  same  assumptions  is  as 
follows  : — The  volume  of  fluid  which  actually  flows  through 
the  tube  under  a  pressure  due  to  the  height  h  is,  per  unit  of 
time,  iri-^v.  The  energy  su])plied  to  this  is  therefore  irr'-v  ahp, 
and  the  kinetic  energy  which  it  possesses  on  issuing  is  Trpr^v^; 
hence  the   energy   converted   into   heat  within   the  tube  is 

irr^pvgili—      \.     Thus  the  head  li  must  be  corrected  by  sub- 

'■>  1  o 

tracting  from  it  —  instead  of  -77-     . 
9  \/^  .'/ 

Hagenbach  tested  his  method  of  correction  by  applying  it 
to  a  set  of  very  rough  experiments  of  his  own,  made  at 
slightly  varying  temj)eratures,  and  in  which,  as  it  ajtpears,  the 
li([uid  was  allowed  to  issue  into  the  air,  so  that  there  was  a 
capillary  back-i)ressure  of  varying  magnitude.  The  reduced 
results  which  he  obtained   aijreed  verv  badlv  when  the  cor- 
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rection  became  at  all  sensible,  and  he  accounted  for  this  by- 
supposing  that  the  flow  in  the  tube  became  turbulent  at  the 
higher  velocities  ;  but  this  could  not  have  been  the  case,  as 
the  mean  velocity  was,  in  every  experiment  except  the  last 
one,  well  below  the  critical  value  at  which  linear  motion 
ceases  to  be  resumed  upon  disturbance.  If  instead  of  his 
correction  we  use  the  modified  form  which  we  have  shown 
shouUl  rijplace  it,  the;  results  are  distinctly  better,  as  will  be 
seen  from  the  subjoined  Table,  which  gives  the  values  in 
C.G.S.  units  of  the  coefficient  of  viscosity  of  water  deduced 
from  Hagenbach's  experiments. 


Hagenl)ach  also  applied  his  correction  to  a  number  of  ex- 
periments of  Poiseuille's.  We  shall  see  later  that  here  also  it 
o-ives  in  its  modified  form  results  which  are  slio-htlv  less 
inconsistent. 

It  is  clear,  however,  that  in  the  application  of  this  methoil 
of  treatment  to  experiments  such  as  those  considered  above, 
we  tacitly  assume,  in  calculating  the  value  of  A,  that  the 
pressure  over  the  whole  of  that  end  of  the  tube  from  which 
the  liquid  issues  may  l)e  taken  as  sensibly  constant  and  of  the 
same  value  as  if  there  were  no  motion  ;  an  assumption 
unsupported  by  probability. 

The  complete  discussion  of  the  problem  before  us  is  impos- 
sible in  the  absence  of  a  solution  for  this  case  of  the  equations 
of  motion  of  a  viscous  fluid,  but  some  considerations  upon 
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the  form  in  which  the  necessary  corrections  must  present 
themselves  may  be  of  service. 

Osborne  Reynolds  (Phil.  Trans.  1883)  has  experimentally 
shown  that,  in  a  tube  of  given  diameter  D,  if  the  mean  ve- 
locity is  not  <rreater  than  a  certain  critical  value  the  motion 
of  a  fluid  at  points  not  very  near  the  ends  (/.  e.  about  120  dia- 
meters off,  in  his  experiments)  settles  down  into  the  state 
which  we  have  hitherto  assumed  to  exist  throughout.  He 
refers  to  these  experiments  in  a  later  paper  (Phil.  Trans.  1886), 

and  there   gives    -^ — =1400.   /u,  b(ing  the  viscosity  of  the 

liquid,  as  an  equation  from  which  to  determine  the  critical 
velocity ;  but  from  the  experimental  results  given  in  the 
earlier  paper  it  would  ajjpear  that  the  number  should  be  2000. 

It  follows  that  if  the  tube  be  long  comjtared  with  its  dia- 
meter, and  if  the  mean  velocity  be  below  its  critical  value, 
both  of  which  conditions  we  shall  assume,  the  motion  near 
each  end  of  the  tube  both  witliin  it  and  outside  will  depend 
onlv  u[)on  tlie  mean  v(docity  and  not  u]»on  the  length  of  the 
IuIk^ 

We  shall  suppose  that  the  fluid  flows  from  a  vessel  into  the 
tube,  and  from  the  tube  into  a  mass  of  fluid  of  the  same  kind 
in  another  vessel  ;  and  that  when  we  investigate  the  effect  of 
a  change  in  the  diameter  of  the  tube,  we  change  the  dimen- 
sions of  the  vessels  in  the  same  pro])ortion,  and  so  arrange  the 
tube  with  resjiect  to  them  that  the  whole  system  shall  remain 
similar  to  itself,  the  length  of  the  tube  alone  exce])ted;  then, 
from  the  form  of  the  equations  of  motion  of  a  viscous  fluid,  we 
deduce  that  the  character  of  the  motion  at  similar  points  in 

the  different  experiments  will  be  a  function  of  only. 

We  may  consider  that  this  motion  of  unknoNvn  character 
exists  in  the  vessels  and  in    the    tubes   up    to    distances  of 

1)  X  /\  ('^    )  and  D  x/'o(  — -  )  from  the  ends,  and  that  in  the 

rest  of  the  tube  the  distribution  of  velocity  is  the  normal  one. 
Since  for  the  case  of  similar  fluid  systems  moving  similarly 
the  dissipation  function  is  proportional  to  volume  X  coefficient 
of  viscoiiiiyy.  {gradient  of  velocityY,  we  have  for  the  energy 
dissipated  per  unit  time  in  the  vessels  and  ends  of  the  tube, 

The  rate  at  which  (Miorgy  is  dissipatcil  in  the  rest  of  the  tube 
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per  unit  length  is  easily  proved  to  he  STrfio^,  and  the  rate  at 

ttD" 
which  energy  is  supplied  is  gphv  —r-  .     Hence  we  obtain,  if  / 

is  the  length  of  the  tube, 


wliirli  may  bo  written 


or 


r/pD'  </p\)   '    V    yU,    . 

i2fih       i^      /roD\ 
gp  \y-        (J  ^  \.   fx,    / 

If  the  walls  of  the  vessels  are  everywhere  at  a  distance  from 
the  ends  of  the.  tube  which  is  great  com})ared  with  the  dia- 
meter of  the  tube,  it  may  be  expected  that  the  function  (f>  will 
be  practically  independent  of  the  shapes  of  the  vessels.  In 
any  case,  from  the  results  of  two  experiments  made  with 
^•('ssels  proportioned  to  the  diamet(U's  of  the  tubes,  and  with 
pressures  so  chosen  that  vD  is  the  same  in  both,  we  can  elimi- 
nate the  correction.  In  particular,  using  the  same  vessels  in 
the  two  experiments  and  tubes  of  tlie  same  diameter  but  of 
lengths  ly  and  /2,  if  the  heads  corresponding  to  a  mean 
velocity  v  b(^  Aj  and  It.,,  we  have 

^-   a2r(/,-/,)   • 

The  large  number  of  observations  made  by  Poiseuille  upon 
water  at  a  constant  temi)erature,  and  the  close  agreement 
which,  according  to  his  method  of  exhibiting  the  results, 
appeared  to  (ixist  between  those  of  his  first  series  of  experi- 
ments, led  me  to  apply  the  above  methods  of  calculation  to 
most  of  the  data  which  his  second  series  of  experiments  fur- 
nish, [t  would  be  wearisome  to  tabulate  the  issues  of  the 
calculations  at  length  ;  th(!  various  results  obtained  with  the 
same  piece  of  tube  seemed  on  the  whole  to  point  to  the  simple 

correction  of  A  by  —  as  being  appropriate  for  a  considerable 

range  of  velocity  ;  but  they  were  not  very  consistent,  and  the 
results  obtained  with  different  jjortions  of  tube,  even  those 
whieh  were  cut  from  the  same  piece,  and  about  the  ratio  of 
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whose  diameters  there  wtis  in  consequence  little  uncertainty, 
were  quite  irreconcila])le. 

In  order  to  coni]>arc  the  different  experiments,  a  curve  in 

which  V  was  the  abscissa  and       the  ordinate  was  plotted  for 

r  ' 

each  tube.  Tlien,  considering  the  curves  for  two  tubes  of  dif- 
ferent lennths  but  the  same  diameter,  and  assuming  that  no 
appreciable  effect  was  })roduced  by  the  ends  occupving  differ- 
ent positions  with  regard  to  the  vessels  into  which  they 
opened,  the  ordinates  for  the  same  abscissa  should  have  dif- 
fered by  a  constant  quantity ;  and  this  quantity,  multiplied 
by  the  square  of  the  diameter  of  the  tubes  and  divided  by  the 

32  it 
difference  in  length,  should  have  been  equal  to  — -,  }.  e.  to  a 

UP 
constant  multiple  of  the  coefficient  of  viscosity. 

The  values  thus  deduced  for  the  coefficient  were  very  dis- 
cordant ;  for  example,  those  deduced  from  Poiseuille's  tube 

(A)  varied  from  -000403  x  ^^  to  -000445  x  ^• 

These  differences  were  very  large  indeed  when  compared 
with  the  concordance  which  seemed  to  exist  between  the 
experiments  of  the  first  series  ;  but  upon  examination  of  these, 
it  appeared  that  their  discrepancies  were  in  reality  almost  as 
great,  and  that  Poiseuille^s  final  comparison  was  only  one  be- 
tween a  comparatively  small  numb(n'  of  results  whose  agreement 
was  quite  fortuitous.  It  was  in  fact  found  that  the  coefficient 
of  viscosity  deduced  from   tlie  experiments  of  the  first  series 

by  the  ordinary  uncorrected  formula  varied  from  '000409  x  |-z 

to  -000407  X  .J  , ;  and  as  here  these  differences  occurred  even 
oz 

wluMi  the  velocity  was  so  low  that  the  correction  must  have 

been  quite  insensil)le,  it   became  evident   that  the  errors  of 

experiment  were  too  large  to  allow  the  results  to  be  available 

for  my  purpose. 

I  had  reached  this  stage  of  the  investigation  at  the  beginnino- 

of  the  present  }'ear,  and  was  hoping  to  carry  out  some  exjie- 

riuKmts  of  the  same  general  nature  as  Poiseuille's  in  order,  if 

possible,  to  determine  in  some  simple  cases  numerical  values 

for  the  function  <^|    -     j,  when  my  attention  was  called  to  a 

statement  by  Gartenmeister,  in  the  number  of  the  Zeitschrift 

fi'tr  ritysikali^clie  Cltemie  publislied   on    December  31st.  that 

Prof.  Finkener  of  Berlin  bad  suggested  to  him  as  jtreferable 

to  Hagenbachs  correction   the   same   greater  value  which  I 
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biive  shown  above  ought,  if  we  follow  Hagenbach  in  his 
assumptions,  to  be  substituted  for  it.  Gartenmcister  gave  no 
indications  of  the  nicthod  by  whicli  this  result  was  obtained, 
nor  of  the  reasons  which  rendered  it  preferable;  but  stated  that 
a  })aper  by  Prof.  Finkener  on  the  whole  subject  would  shortly 
appear.  Under  the  circumstances,  therefore,  it  seemed  best  to 
wait  for  the  results  which  he  has  obtained  before  trvino-  to 
proceed  with  tlie  question. 

Another  attempt  to  iipply  to  the  numbers  obtained  by 
Poiseuille  in  his  second  series  of  experiments  a  correction 
for  the  kinetic  energy  given  to  the  fluid  was  made  by 
Osborne  Reynolds,  apparently  in  ignorance  of  Hagenbach's 
work  on  the  subject,  in  the  paper  already  referred  to  (Phil. 
Trans.    1883).       The    correction    which    he   employed   was 

1"505  ^,  and   was  thus  slightly  smaller  than  Hagenbach's, 

whose  value  was  "7937  — .     The  authority  for  this  correction 

U  "   .  .  . 

appears  to  be  Weisbach ;  but  as  the  experiments  from  which 

he  deduced  it  were  made  with  tubes  1  to  4  centim.  in  dia- 
meter and  only  3  to  12  centim.  long,  and  the  head  of  water  used 
varied  from  9  to  24  inches,  it  is  clear  that  the  velocities  were 
so  far  above  the  critical  velocity  as  to  make  the  results  inap- 
plicable to  this  case.  Indeed,  AVeisbach  mentions  that  expe- 
riments with  narrower  tubes  were  found  to  give  a  different 
result. 

Osborne  Reynolds  considered  that  when  the  above  correc- 
tion was  applied,  Poiseuille^s  results  became  consistent  ;  but 

v^  . 
the  correction  —  gives  rather  better  results  in  all  the  experi- 
ments of  the  second  series  which  I  have  examined,  while  the 
discordances  which  any  of  these  corrections  introduce  among 
the  seeming  agreements  of  the  first  series  are  not  sufficiently 
different  to  help  us  in  deciding  between  them. 

The  subjoined  Table  gives  specimens  of  the  results  obtained. 
It  indicates  the  relative  merits  of  the  various  corrections,  and 
at  the  same  time  shows  the  ina[)[)licability  of  the  numbers 
obtained  l)y  Poiseuille  to  the  method  of  calculation  suggested 
in  this  paper. 
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XLIX.    Note  on  the  Electric  Conductivity  of  Hot  Gases. 
By  Dr.  Svante  Akrhenius*. 

THE  following  lines  have  reference  to  Prof.  J.  J.  Thomson's 
letter  in  the  Philoso])hiciil  Magazine  for  February  1891, 
p.  135.  The  question  at  issue  between  Prof.  Thomson  and 
myself  is  whether  gaseous  hydrochloric,  hydrobromic,  and 
hydriodic  acids  (and,  still  more,  chlorine,  bromine,  and  iodinej 
conduct  electricity  electrolytically  at  high  temperatures,  or 
only  conduct  in  consequence  of  dust-particles  suspended  in 
them.  Prof.  Thomson's  view  is  that  the  hydrochloric-acid 
molecules  (H(!l)  decompose  partially  at  high  temperatures 
into  atoms  of  hydrogen  and  chlorine  (H  and  (Jl)  which  are 
charged  with  electricity,  positive  or  negative,  according  to 
Faraday's  Law,  {.  e.  are  charged  with  96  coulombs  per  milli- 
gram-equivalent. Crafts  t  has  shown  that  such  a  decomposi- 
tion, which  would  be  recognized  Ijy  its  effect  on  the  va})our- 
density,  does  not  take  place  at  the  temperature  of  Prof. 
Thomson's  experiments  (yellow  heat,  about  1100°  C).  It  is 
conceivable,  however,  that  very  little  decomposition  might 
suffice  to  cause  the  electrolytic  conduction  ;  and  so  we  will 
assume  in  the  meantime  that  there  is  a  slight  dissociation  of 

+  - 

HCl  into  H  and  CI,  not  measurable  by  other  means.  it 
must  be  clearly  understood  that  this  dissociation  is  assumed 
for  the  exclusive  purpose  of  explaining  the  conductivity,  and 
is  not,  as  one  might  imagine  from  Prof.  Thomson^s  account, 
suggested  by  other  circumstances. 

if  such  a  dissociation  takes  place,  it  need  not  in  any  way  be 

(perceptibly)   dependent   on   the  quantity  of  hydrogen  (Hg) 

+      - 
present.     The  equilibrium   is  one   between  H,  CI,  and  HCl; 
just  as  it  is  between  PCI3,  CI2,  and  PCI5  in  Prof.  Thomson's 
exam[)le.     Whether  the  presence  of  H2  will  affect  the  quantity 

of  H  (and  CI)  or  not,  depends  entirely  on  whether  there  is  any 

+  - 

interaction  between  Ho  and  H  (or  CI)  of  sufficient  extent  to 
have  an  appreciable  effect  on  the  above  equilibrium.  This 
certainly  cannot  be  asserted  a  priori,  but  must  bo  considered 
an  accessory  hy[)othesis  introduced  to  explain  Prof.  Thomson's 
observation  that  the  conductivity  of  HCl  is  diminished  by  the 
presence  of  Hj. 

*  Communicated  by  the  Autlior. 

t  C'omptcs  RcixIhs,  xc.  p.  811  : — "  On  a  trouve  dans  les  experiencas 
saivaute3  une  deuaito  uormale  pour  I'acide  cblorhydriquo  a  la  plus  hauto 
temperature  du  fourneau  " — i.  e.  1400"^-lo00°  C. 
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Now  it  seems  to  iiie  that  the  following  explanation  of 
Prof.  Thomson's  experiments  is  much  more  ])Iausil)le.  In  the 
cases  under  discussion  he  was  always  able  to  prove  the  presence 
of  free  halog(;n — in  the  above  example,  of  free  chlorine 
0  'i,) — by  the  reaction  of  the  heated  gases  with  potassium 
iodide  and  starch.  It  must  be  expressly  stated  that  this 
reaction  is  for  the  molecules  CI2,  Brg,  and  Ij,  and  not  for  the 

ions  CI,  Br,  and  I,  which  in  aqueous  solution  do  7iot  exhibit 
the  reaction.     If  Prof.  Thomson,  then,  is  of  opinion  that  he 

has  proved  the  presence  of  CI  in  the  heated  hydrochloric-acid 
gas,  his  conclusion  cannot  be  accepted.  On  the  contrary,  it 
may  easily  be  shown  that  the  two  charged  ions  of  an  electro- 
lyte cannot  bo  separated  from  each  other  in  appreciable 
quantity  (about    10~^  milligram-equivalents)  by   mechanical 

means  ;  for  the  separation  of  1()~^°  milligram-equivalents  of  CI 
would  be  sufficient  to  charge  a  sphere  of  10  centimetres  radius 

to  900  volts — an  electromotive  force  which  would   certainlv 

+ 
suffice  to  bring  the  (Jl  back  to  the  H. 

Prof.  Thomson  has  only  thus  proved  the  jjresence  of  free 
chlorine  (CL)  in  the  heated  hydrochloric  acid  of  his  experi- 
ments. This  may  be  accounted  for  in  two  ways.  Either 
HCl  decomposes  at  a  high  temperature  so  as  to  produce  a 
state  of  equilibrium  between  Ho,  Clo*,  and  2H('l  ;  or — and 
this  alternative  seems  to  me  much  more  probable — oxygen 
(air)  may  have  been  present  in  the  hydrochloric-acid  <jas,  and 
have  liberated  chlorine  with  formation  of  water.  We  are 
informed  that  the  exi)eriments  with  sulphur  and  hydrogen 
sulphide  were  conducted  in  an  atmosphere  of  nitrogen  ;  but 
no  such  indication  is  given  with  respect  to  the  other  gases 
(llCl,  NaCl,  KCl,  NH4CI,  KI,  and  HI).  In  either  case  the 
quantity  of  free  chlorine  (CI2)  would  be  diminished  by  the 
presence  of  hydrogen.  Now  it  is  quite  likely  that  the  free 
halogen  would  favour  convective  conduction,  if  such  is 
assumed  in  Prof.  Thomson's  experiments.  Crafts  tells  us 
{loc.  cit.  p.  186)  that  his  chlorine  attacketl  platinum  with 
violence,  and  the  same  is  probably  true  of  the  other  halogens, 
although  perhaps  in  their  casi-  the  action  is  less  intense. 
It  is  therefore  easily  conceivable  that  platinum  would  be  dis- 
persed as  fine  i)articles  more  readily  in  an  atmosphere  con- 
taining CI2,  than  in  an  atmosphere  where  chlorine  gas  is 
absent ;   and  it  is  owing  to  the  transport  of  electricity  by 

*  Clj  does  uot  decompose  perceptibly  iuto  2C1  at  1 100° — Craffc*. 
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mouns  of  such  fine  particles  that  convective  conduction  takes 
place. 

That  Prof.  Thomson  has  really  had  to  do  Avith  convective 
conduction  (for  the  most  part)  in  his  experiments  seems  to  me 
apparent  from  several  circumstances.  Convective  conduction 
is  favoured  relatively  to  (dectrolytic  by  low  temperatures  and 
hi^h  E.M.F.'s.  Now  Prof.  Thomson  worked  at  a  temperature 
100°  lower,  and  with  an  E.M.F.  60  times  greater,  than  I  em- 
ployed in  my  expei'iments;  in  some  of  which,  even,  convective 
conduction  played  a  considerable  part.  Again,  conduction 
by  means  of  solid  particles  obeys  Ohm's  Law  ;  while  electro- 
lytic conduction  (with  E.M.F.  above  1  Dan.)  is  characterized 
by  large  deviations  from  this  law.  Prof.  Thomson  found  in 
his  experiments  (with  high  E.M.F.)  that  Ohm's  Law  was 
obeyed  ;  consequently  the  conduction  was  probably  con- 
vective, as  it  was  in  my  experiments  wdth  salts  of  magnesium, 
calcium,  and  strontium. 

Prof.  Thomson's  results  are  thus  explained  very  naturally 
by  the  following  two  assumptions  : — 

1.  That,  as  in  the  analogous  researches  of  Becquerel, 
Blondlot,  and  Wiedemann  and  Ebert,  a  preponderating  non- 
electrolytic  conduction  through  dust-particles  took  place. 

2.  That  free  halogens,  like  chlorine  in  the  experiments  of 
Crafts,  had  a  corrosive  influence  on  the  platinum  vessel  and 
electrodes,  whereby  the  formation  of  fine  particles  (and  conse- 
quently the  convection)  was  increased. 

The  experiments  with  mercury  vapour  (Hg)  show  in  the 
most  decisive  manner  that  Prof.  Thomson's  view  of  the  activity 
of  atoms  in  gaseous  conduction  is  untenable  :  for  it  is  in  the 
highest  degree  improbable  that  the  opinion,  grounded  on  so 
many  circumstances  (e.  g.  vapour-density,  specific  heat) ,  that 
gaseous  mercury-molecules  consist  of  single  atoms,  will  be 
sacrificed  in  order  to  save  Prof.  Thomson's  theory. 

Finally,  Prof.  Thomson  refers  to  my  query  :  '^  Who  can 
prove  that  iodine  vapour  decomposes  entirely  into  ions?  It 
might  dissociate  into  uncharged  atoms."  This  question 
Prof.  Thomson  answers  by  asking  two  others  connected 
with  it ;  and  these,  as  it  chances,  are  very  easy  to  dispose 
of.  The  first  is  :  "  It  the  atoms  of  a  gas  (Ig)  can  be  without 
charge,  why  cannot  those  of  a  salt  (NaCl)  in  solution?" 
If  a  measurable  quantity  of  uncharged  atoms  (Na  and  CI) 
were  present  in  a  solution  of  NaOl,  then,  as  in  the  case 
of  ordinary  dissociation  {e.g.  of  KsALSjOig  into  KoSO,  and 
AI2S3O12),  we  should  be  able  to  separate  these  components 
by  diftusion  (dialysis).  Now  it  is  one  of  the  most  firmly 
established  facts  that,  in  spite  of  numberless  experiments,  this 
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has  never  been  done  in  a  single  case  with  salts.  There  conse- 
quently exist  no  uncharged  atoms  in  a  salt  solution.  This 
purely  em[)irical  proof  can  evidently  not  be  extended  to  the 
case  of  I2 :  but  there  is  a  great  difference  between  the  two 
instances.  It  is  easy  to  imagine  that  the  two  ions  of  a  salt 
(Na  and  CI  from  NaCl) ,  which  are  in  other  respects  so  differ- 
ent from  each  other,  should  also  be  the  bearers  of  different 
kinds  of  electricity  ;  but  it  is  difficult  to  admit  that  atoms 
otherwise  completely  identical  (I  and  I  from  I2)  should 
assume,  or  possess,  opposite  electrical  charges  ;  for  complete 
symmetry  prevails  in  the  molecule.  Prof.  Thomson's  experi- 
ments on  the  feeble  conductivity  of  iodine  vapour  compared 
with  mine  on  csesium  chloride  (CsCl),  }aeld,  besides,  sufficient 
proof  that  the  iodine  atoms  are  not  charged  in  measurable 
degree  according  to  Faraday's  Law. 

The  second  question  drops  of  itself  when  the  first  has  re- 
ceived the  above  answer.  It  runs  :  "  If  we  admit  the  existence 
of  uncharged  atoms  (in  solution),  why  should  there  be  any 
connexion  between  electric  conductivity  and  osmotic  pres- 
sure ? "  Since  our  experience  shows  us  that  there  are  no 
uncharged  atoms  in  salt  solutions,  the  connexion  Prof. 
Thomson  mentions  must  obtain.  With  regard  to  Clg,  Brj, 
and  I2,  we  have  no  such  experience  as  for  salt  solutions  ;  and 
Prof.  Thomson's  assertion  that  the  conductivity  of  these  gases 
stands  in  connexion  with  their  dissociation  at  high  tempera- 
tures, i.  e.  with  their  gaseous  pressure,  is  as  yet  entirely  with- 
out foundation,  either  theoretical  or  experimental. 

I  share  with  Prof.  Thomson  the  opinion  that,  after  his  two 
questions  arc  disposed  of,  my  own  query  is  so  likewise,  and 
trust  that  the  facts  brought  forward  in  the  preceding  pages 
will  supply  sufficient  material  to  any  one  for  its  unequivocal 
answer. 

Upsala,  23rd  February,  1891. 

L.  On  the  Reduction  of  the  Results  of  E.rperiments  %oith  special 
reference  to  the  Hydrate-theoru  of  Sohition.  By  Sydxey 
LurTON,  M.A* 

rpiIE  problem  of  finding  a  formula  to  express  quantitative 
X  ex])erimontal  results  is,  jxirtly  owing  to  unavoidable 
errors  of  observation,  by  no  means  an  easy  one,  and  has 
severely  taxed  the  powers  of  mathematicians.  Experiment- 
alists are  very  apt  to  attribute  imjiossible  accuracy  to  results 
on  which  they  have  exjtended  much  care  and  time,  and  in  the 

*  Commuuicatod  by  tlio  Author. 
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hurry  of  modern  life  are  apt  to  omit  the  test  of  accuracy 
afforded  by  obtaining  the  same  results  by  several  different 
methods.  Thus  long  rows  of  figures  are  frequently  giv-en 
which  have  in  reality  no  experimental  basis  to  rest  upon. 
On  the  other  hand,  mathematicians  obtain  formula3  which 
require  experimental  results  of  unattainable  accuracy,  and 
frequently  immense  arithmetical  labour  in  the  course  of  which 
the  experimentalist  is  led  into  bewilderment  and  error. 

There  are  only  three  possible  methods  of  finding  an  equa- 
tion to  connect  two  or  more  physical  quantities,  of  which  one 
has  been  recently  applied  in  a  manner  open  to  very  grave 
suspicion. 

(i.)  By  deduction  from  a  general  law  assumed  to  connect 
the  phenomena  the  form  of  the  required  function  is  obtained 
and  the  constants  are  then  determined  by  experiment.  Too 
little  is  known  about  the  ultimate  constitution  of  matter  to 
allow  of  the  safe  apphcation  of  tliis  method  in  the  cases  which 
ordinarily  occur  in  physics  and  chemistry.  It  is,  however, 
used  not  unfrequently  in  astronomy  and  practical  mechanics, 
e.  g.  in  determining  heights  by  the  fall  of  the  barometer,  and 
the  variation  in  gravity  with  latitude. 

(ii.)  In  the  graphical  method  the  experimental  results  are 
plotted  on  a  sheet  of  paper  or  metal,  and  a  curve  drawn 
through  these  points  is  assumed  to  give  the  most  reliable 
expression  for  the  general  law.  The  problem  of  drawing  a 
curve  through  any  given  points  is  essentially  an  indetermi- 
nate one,  hence  the  following  further  assumptions  are  gener- 
ally made  : — (a)  the  simplest  curve  (/.  e.  with  the  fewest 
changes  of  curvature)  \\\ac\\  fairly  fulfils  the  given  conditions 
is  to  be  chosen  ;  (6)  nearly  an  equal  number  of  experimental 
results  should  lie  on  each  side  of  each  portion  of  the  curve. 

No  one  can  deny  the  great  value  of  this  method  in  all  cases 
in  which  minute  accuracy  is  not  reqiured.  Thus  it  gives  a 
ready  solution  of  the  efiiciency  of  engines  and  machines,  the 
volume  of  earthwork,  and  the  best  shape  of  roof  and  bridges  ; 
but  when  it  is  applied  to  the  solution  of  certain  theoretical 
questions,  it  is  apparently  pressed  at  times  beyond  its  power. 

Regnault  made  use  of  a  copper  sheet  divided  into  small 
squares,  in  which  the  intersection  of  the  exj)erimental  orduiate 
and  abscissa  was  drawn  by  a  s[)ecial  dividing-engine.  Among 
these  points  a  curve  was  drawn  l)y  the  '*freo  hand"  and 
engraved. 

Experimentalists  now  prefer  squared  paper.  In  some  of 
French  manufacture  a  sheet  is  divided  into  1,000,000  milli- 
metre squares  by  dotted  lines,  with  five  dots  to  the  millimetre. 
In  the  middle  part  of  such  a  sheet  one  part  in  2500  can  be 

2H2 
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measured,  though  of  course  the  accuracy  is  greater  at  one  end 
and  less  at  the  otlier.  A  wooden  or  steel,  occasionally  backed 
by  lead,  lath  is  bent  between  the  points  and  the  curve  drawn 
along  it.  With  sufficient  trouble  an  arithmetical  result  can 
bo  carried  to  any  required  degree  of  accuracy.  But  it  is  far 
otherwise  with  a  graphical  one:  probably  about  ^j^qj^  is 
the  limit  of  careful  work  in  this  case.  The  value  of  ir 
has  been  calculated  by  two  independent  individuals  to  500 
figures  ;  by  careful  drawing,  Stanley  Jevons  could  obtain 
it  only  to  ^^(^.  Very  careful  use  of  the  ruler  and  com- 
passes is  required  to  obtain  the  sixth  figure  in  the  ratio  of  the 
diagonal  to  the  side  of  a  square,  while  in  a  few  minutes  any 
one  may  convince  himself  that  ^2  =  r41421  35623  73  . . .  . 

Mr.  Pickering  gives  no  details  as  to  the  method  used  in 
drawing  his  curves,  but  mentions  one  hundredth  of  an  inch 
as  about  the  limit  of  accuracy  ;  it  is  therefore  a  little  astonish- 
ing to  find  him  dealing  with  an  abscissa  of  50*06998  parts  per 
cent,  of  real  acid,  and  a  corresponding  ordinate  of  1*404296 
grams  per  cubic  centimetre.  Even  the  latter  value  would 
assume  an  accuracy  of  measurement  of  -j^-q  inch  in  14,042 
inches,  or  390  yards:  and  of  course  he  has  to  substitute  another 
method. 

Two  points  are  specially  worthy  of  notice  : — 

Even  those  who  depend  most  upon  this  method,  including 
Mr.  Pickering,  allow  that  a  strong  personal  element  is  intro- 
duced, since  two  observers  might  take  different  views  as  to 
the  form  of  curve  which  would  most  fairly  represent  the 
results  ;  hence  considerable  care  and  practice  are  requisite 
before  it  can  be  safely  used.  For  this  reason  alone,  if  an 
arithmetical  process  can  be  found  which  will  give  the  same 
results  in  all  hands,  it  ought  to  be  preferred. 

Secondly,  according  to  jMr.  Pickering,  when  the  steel  lath 
he  used  is  bent  by  the  two  hands  it  is  really  fixed  in  four 
points.  He  says  it  "  does  not  form  a  curve  of  any  particular 
nature,  and  does  not  necessarily  give  a  curve  which  will  dif- 
ferentiate eventually  into  a  straight  line  ;  but  if  the  experi- 
ments form  a  figure  on  to  which  the  bent  steel  canuot  be  fitted, 
that  figure  cei-tainly  does  not  consist  of  a  single  parabolic 
curve''  (dourn.  C.  S.  1890,  p.  GS). 

A  chemist  may  certainly  be  excused  if  he  avoids  the  mathe- 
matics of  a  flexible  plate  deformed  bv  four  pressures  ;  but 
does  not  the  practical  solution  a])proximate  to  choosing  four 
points  such  that  the  curve  drawn  thnmgh  them  may  lie  evenlv 
among  the  experimental  ])oints  ?  Through  four  points  a 
curve  of  the  second  degree  can  Ix*  drawn  in  a  variety  of  ways, 
since  a  filth  j)oint  is  required   to  deti-rmine  a  definite  curve.' 
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When  the  terms  of  an  equation  of  the  second  degree    are 

dv 
differentiated,  and  the  differential  —-  is  replaced  by  a  new 

ordinate  z  suppose^  an  C(piation  of  the  first  degree  represent- 
ing a  straight  line  is  obtained.  Hence  the  hydrates  of  sul- 
phuric acid  are  apparently  made  to  depend  upon  the  flexibility 
of  the  steel  lath  used. 

(iii.)  The  empirical  method — the  form  of  the  equation  is 
guessed  at,  often  by  the  aid  of  the  plotted  curve  ;  the  con- 
stants are  determined  from  the  expei'imental  results,  and  the 
calculated  are  compared  with  the  observed  numbers. 

In  the  great  majority  of  cases  in  Physics  and  Chemistry 
the  value  of  the  vai-iant  for  any  value  of  the  variable  may  be 
ex[)ressed  with  sufficient  accuracy  by  one  or  more  terms  of 
the  equation 

71^  =  cj)  (,r)  =a  +  hx  +  ex-  +  dx^  + 

whore  a,  h,  c,  d  are  const;nits  which  may  be  zero  or  negative, 
and  must  be  determined  by  experiment. 

The  assumption  that  ^{x)  can  be  expanded  in  ascending 
powers  of  x  is  by  no  means  universally  true.  In  some  cases 
a  derived  function  becomes  a  constant  and  the  series  becomes 

finite  ;    in   other   cases   some   of  the   dift'erential    coefficients 

_i 
become  infinite  and  the  series  fails,  e.  g.  e  ^  when  .r  =  0.     In 
some   practical   cases,   as  in   that  of  the  tension   of  aqueous 
vapour,    the    series    required    is  unmanageable   and   another 
equation  must  be  chosen. 

Four  values  of  u  are  determined  by  widely  separated  expe- 
riments, in  one  of  which,  if  possible,  x  is  made  equal  to  0  to 
determine  a  ;  the  constants  are  then  solved  for  by  the  theory 
of  determinants,  or  bv  the  method  of  cross  multiplication  due 
to  Lagrange,  which  gives  : — 


/     2  .,,3  „.3,,2\     ,  /     3,„2 t2i.3\     ,  /     2„,3 ,v,3  ^,2\ 

^_    »i— a(.^V^3~-V^3)  +?<2  — flt(^l-^3         ^1-^3)  +^3  — tn>yi-^2        -^l-M 

Xi{xlxl — x^x^^  -h  Xi{x\xl — x\xl)  +  Xi{x\xl — a-^.r^) 


_  it\ — aix'^iX^  —  x^x^  +1/2— a(.r,,2'3  —  XxX^  -\-xi^  —  a{xiX2 — XiX^^ 
~  x\  {x\xi  -  a-jA'^)  +  x\  {xyx\  -  x\x^)  +  x'^  [x\Xi — .fia-^) 

xix  —  a{x-i:^^—X2X^  ■\-u^—a{£{x^—x,^x^  •\-xi^  —  a{x^!3^^—x-^x<i) 
d= —        " 

x\{X2Xl  —  xlXz)  +  x\{x\x^  —  XiXl)  +  xl{XiXl  —  x\X2) 

Were  all  the  results  absolutely  accurate,  the  same  values 
ibr  the  constants  would  be  obtained  whatever  experiments 
were  used ;  but  owing  to  errors  of  observation  the  values 
found  diifer,  and  the  most  probable  ones  can  be  obtained  by 
the  followin<>'  method. 
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Reduce  any  nuniLer  of"  equations  to  the  form 

n^  =  Jix^  +  CX2  +  dx^. 

Multiply  each  equation  l)y  the  coefficient  of  h  in  it  and  add  all 
the  e(juations  ;  the  resulting  "  normal  equation  "  when  solved 
gives  the  most  probahle  value  for  h.  Proceed  in  the  same 
manner  for  c and  d.  Writing  X^  for  x^  +  x^ -\-x^  + . . .-{- x,i^, 
we  have  : — 

ViXi^  +  u^xi  +      +  ^<„.^•„"  =  X^Z*  +  X^c  +  X^rf, 

U^JX^  +  u^x^  +         +  llnX^  =  X^Z/  +  X^C  +  X^f/. 

The  solution  of  these  equations  is  generally  performed  by 
Gausses  method,  but  at  the  best  is  very  long  and  tedious. 

The  following  method  is  much  more  simple  and  convenient, 
and  affords  a  test  of  the  real  value  of  the  equation  found. 

Subtract  each  equation  from  the  one  below  it  and  divide 
by  .X2  —  x^,  and  the  similar  terms 

A  ^1  

huy  = ^  =b  +  X.2  +  Xie  +  x^  +  x.^x^  4- x^^ d, 

X2       A*] 

A^^_  . 

8112  = —  =h  +  A'3  +  X2 C  +  Xs^-\- X^X^  +  X2  d, 

Xz  —  X2 


A 


^^'3  =  - — -T  =b  +  x^  +  xs  c  +  .<-'  +  x^xz  +  xs-  d. 
Subtract  again  and  divide  by  x^  —  x^  and  similar  terms, 

O"  "1  =  —  =C  +  X3  +  X2  +  Xi  d. 

X2  —  X'l  X'z — Xi 

.2 


Ahf2 


B''i(o  =  — ^^^^  =c  +  x^  +  Xs  +  X2  d. 

.Tg  — .1-2  X^  —  Xo 


Subtract  again  and  divide  by  Xi—x^ 


8hi, 


X2  —  Xi  X3  —  A'l  X^  —  Xi 

Substituting  successively  in  these  equations 
d  =  B'iii, 
c  =  o-ui  —  X3  +  X2  +  Xi  B^iii, 


l,z=Sui—Xc,  +  Xi  S'-iii  +  .rj.ra  +  Xj-r,  +  x-jXi  S'l/,, 
a  =  11 1—  bxi  —  cxi'^ — dxi'. 
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When,  as  occasionally  happens,  .^i,  x^,  oo^  are  in  arithmetical 
progression  with  a  common  difference  h, 

Owing  to  experimental  error  the  differences  found  are  never 
exactly  cfjiial,  and  Mr.  J.  Hopkinson  (Messenger  of  Mathe- 
matics, 1^?72,  ii.  p.  C:>b)  proposes  to  add  together  the  various 
values  obtained  and  take  the  mean  as  the  most  probable  value. 
Though  the  method  has  no  theoretical  basis  to  rest  upon,  it  is 
comjjaratively  easy  and  should  give  the  same  results  in  all 
hands,  while  any  method  of  plotting  and  curve  drawing  intro- 
duces a  further  series  of  observations  liable  to  personal  error. 

There  are  three  great  advantao;es  : — 

(a)  The  sum  of  the  differences  of  the  observed  and  calcu-i 
lated  values  =  0. 

{h)  If  the  values  in  the  last  column  of  diflPerences  regularly 
increase  or  decrease,  another  term  must  be  added  to  the 
equation. 

(f)  If  the  differences  are  very  irregular,  there  is  a  want 
of  accuracy  in  the  observations,  or  the  theoretical  equation  is 
carried  further  than  the  experiments  warrant. 

If  N  be  the  number  of  observational  equations  each 
differencing  removes  one,  so  that  going  as  far  as  h^u  there 
are  really  only  N  —  3  =  /i  complete  equations  to  deal  with. 
The  following  separate  values  must  be  found  from  each  equa- 
tion, added  together  and  divided  by  n. 

Xx/n,     Xx'^/n,     2.i'7w, 
lu/71,     X8u/n,     'ZS'^u/n,     "2,8^11/11 ; 

^/ — , — ■  ,    —; —  _L    — T V ,        22(.r,  +.v„)  +^,,+1—^, 

2(.r,  +  a-2  +  A-2  +  .f3  +    ^„  +  .''„+i)/n  = ' ; 


V  / — r — , —  i      ~~I 1 \,       3S  (a?!  +  x„)  +  .r„+2  +  2a'„ + 1  —  j-o  —  2.r, 

71 

%  (ari.f2  +  ^2'^"3  +  '^l-^S  +      'Vn^n+ 1  +  A'„  +  i.T„  4-2  +  ^n^n+2)/w  = 

3S(a-^)  +  ^  ^{;;r:i;;r+a^;^}i{.r)  +  l^^^^-i  ^^'i 
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where  mean  values  must  Ijo  taken  for  the  differences  of  ar, 
which  arc  usually  small. 

These  soniewliat  lonn;  preliminaries  form  a  hasis  for  the 
discussion  of  the  recent  application  of  the  graphical  method 
to  the  theory  of  solution. 

In  an  account  of  the  nature  of  solution  liaving  special 
reference  to  ethyl  alcohol  (Journ.  C.  S.  1887,  p.  778),  Mende- 
Iceff  propounded  the  idea  that,  if  solutions  are  regarded  as 
strictly  definite  atomic  chemical  combinations  at  temperatures 
higher  than  their  dissociation-temjx'ratnres.  the  ex|>ression  for 
density  ?/  as  a  function  of  the  percentage  composition  .r  must 
be  a  parabola  of  the  second  order,  or  it  may  be  represented  by 
the  general  equation 

M  =  a  +  h.v  -|-  cx^. 

Between  two  definite  compounds,  which  exist  in  solution,  we 

must  expect  that  the  differential  coefticient  -y-=/'  +  2t'.r  will 
^  ax 

be  a  rectilinear  function  of  x.  Tiiis  consequence  can  in  the 
first  place  be  verified  by  ex])eriment,  and  secondly  (.dves  the 
means  of  ascertaining  M'hat  are  the  definite  combinations 
existing  in  solution.  The  hypothesis  has  been  proved  to  be 
correct,  and  up  to  this  time  1  have  not  met  with  a  single  ex- 
ce})tion. 

It  seems  then  that  Mendeleeff  assumeil  a  certain  form 
of  equation;  collected  experimental  results,  from  other  ob- 
servers in  many  cases,  to  determine  the  constants  ;  and 
found  that  the  equation  fairly  represented  the  results  of 
experiments.  He  then  differentiated,  replaced  the  differential 
coefficient  by  a  new  ordinate,  plotted  the  results,  and  found 
that  they  were  represented  by  straight  lines.  He  assumed 
that  the  intersection  of  these  straight  lines  showed  a  change 
in  the  nature  of  the  dissolved  substance  which  could  only  be 
the  formation  of  another  hydrate. 

This  method  may  be  valid  if  the  experimental  results  can 
prove  the  equation  to  be  absolutely  and  not  only  approximately 
true.  Mr.  I'ickering,  however,  made  use  of  an  entirely 
difi'ercnt  method,  ami  says  : — ''  My  conclusions  as  to  the 
first  differential  of  the  densities  are  in  direct  opposition  to 
Mendeleefi's''  (Journ.  C.  S.  18l»0,  p.  7i))  :  and  even  more 
emphatically  in  Phil.  Mag.  xxix.  p.  433  : — "  1  altogether  dis- 
agree with  Mendelceff's  views  as  to  the  nature  of  the  densitv 
first  difierential.'' 

Considering  that  IMendelei'ff's  results  were  not  sufiiciently 
numerous  or  accurate  to  support  such  an  important  con- 
clusion, Mr.  Pickeiing  undt-rtook  a  laborious  research  on  the 
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hydrates  of  sulphuric  acid  and  otlier  sokitions  (Journ.  C.  S. 
March  1890;  riiil.  Mao-.  1890,  xxix.  p.  433),  ^vith  special  refer- 
ence to  the  density,  ex})ansion,  heat  of  combination,  and  electric 
conductivity.  While  this  work  was  in  progress  Prof.  0.  J. 
Lodoe  ('  Nature,^  July  18th,  1889)  gave  a  word  of  warning  to 
experimentalists  on  the  over-pressure  of  formula?,  and  Arrhe- 
nius  (Phil.  Mag.  xxviii.  p.  37)  severely  criticised  a  preliminary- 
account  of  Mr.  Pickering's  methods,  pointing  out  that  his 
equations  for  sulphuric  acid  required  the  introduction  of 
nearly  sixty  constants,  from  which  anything  could  he  proved. 

It  is  always  an  ungracious  and  difficult  task  to  criticise 
experiments  upon  which  much  time  and  care  have  heen  ex- 
pended, and  in  this  case  the  difficulty  is  increased  by  the 
omission  from  Pickering's  paper  of  many  experimental  details 
and  by  the  great  number  and  variety  of  the  experiments.  To 
minimize  tbe  latter  the  following  remarks  will  be  confined  to 
the  density  of  solutions  of  sidphuric  acid  at  28°  C,  containing 
from  50  to  38  per  cent,  of  real  acid  (Table  II.),  Journ.  C.  S. 
1890,  p.  142. 

The  objections  may  be  conveniently  divided  into  those 
which  im])Ugn  the  eMreme  accuracy  of  the  experimental 
results,  and  those  against  the  mathematical  deductions. 

Experimental : — 

(1)  Mr.  Pickei-ing's  results  do  not  agree  with  those  of 
MendelcefF ;  he  says  : — "  Mendelceff'^s  values  by  no  means 
warranted  the  conclusion  that  the  first  differential  consisted  of 

straight  lines The  curves  required  a  second  differentiation 

before  they  yielded  a  rectilinear  figure ''  (Journ.  C.  S.  1890, 
p.  G6). 

(2)  As  the  mean  of  eight  volumetric  determinations  start- 
ing from  })ure  silver,  the  acid  used  was  assumed  to  contain 
99'85  jier  cent,  of  real  acid.  It  is  a  little  startling  in  the  case 
of  experiments  the  whole  object  of  which  is  extreme  accuracy 
to  read  for  the  separate  values  found 


with  a  difference  of  '1  per  cent,  on  each  side  of  the  mean  used. 
(3)  The  thermometer  read  to  '1  millim.  =  '004°C.  and  the 
balance  weighed  to  '0001  gram.  The  densities  were  deter- 
mined in  a  "  piknometer  "  holding  25  cubic  centim.,  it  was 
apparently  of  the  old  form,  and  a  glass  plate  was  ])laced  over 
the  open  capillary.     The  objections  to  this  form  of  instrument, 
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wliich  Avas  abandoned  by  Regnault,  are  well  known  ;  one  is 
that  the  stopper  does  not  go  in  to  exactly  the  same  position 
when  unequally  pressed  or  moistened  with  different  liquids. 

(4)  Mr.  Pickering  does  not  mention  any  precaution  taken 
to  reduce  the  flask  and  weights  to  their  true  weights  in  vacuo  ; 
to  remove  the  oxygen  and  nitrogen  dissolved  in  the  liquid, 
which  might  amount  to  half  a  cubic  centimetre  at  10°  C,  or 
the  air  retained  between  the  liquid  and  the  glass.  Though  he 
states  that  '0002  gram  may  be  taken  as  the  safe  limit  of 
error,  this  is  about  the  weight  of  a  sixth  of  a  cubic  centi- 
metre of  air. 

The  question  of  the  value  of  the  method  is  of  far  greater 
importance  than  that  of  any  indi-vadual  series  of  experiments. 

(1)  Mr.  Pickering  complains  that  his  method  has  been  per- 
sistently misunderstood.     ''  It  does  not  consist  in  fitting  sundry 

equations  on  to  curves It  is  quite  true  that  if  a  curve 

diflferentiates  into  a  straight  line  an  equation  of  a  certain 
form  must  represent  that  curve  "  (Journ.  C.  S.  1890,  p.  122). 
It  is  unfortunate  that  Mr.  Pickering  has  used  well-known 
words  and  symbols  with  entirely  new  meanings.  The  opera- 
tion of  differentiation  as  usually  understood  cannot  be  applied 
to  a  curve,  but  only  to  the  equation  of  which  the  curve  is 
the  graph.  The  differentials  he  uses  are  not  infinit€simal 
but  considerable  (finite)  differences. 

What  Mr.  Pickering  does,  seems  to  be,  to  plot  the  experi- 
mental results  and  draw  a  smooth  curve  through  them  ;  to 
measure  first  differences  (except  in  the  case  of  densities),  plot 
them  out  and  draw  a  smoothed  curve  through  them,  measure 
second  differences,  plot  them  out  and  find  them  represented 
by  a  series  of  straight  lines.  If  this  account  of  the  method 
be  correct  there  seem  to  be  five  chances  of  personal  error 
needlessly  introduced,  while  the  smoothing  process,  if  accu- 
rately performed,  ought  to  get  rid  of  those  slight  changes  in 
first  differences  which  in  the  second  differences  mark  changes 
of  curvature,  and  therefore  by  hy[)0thesis  changes  of  hydra- 
tion. The  method  seems  to  be  distinct  from  that  of  Mendeleeff, 
though  stated  by  Mr.  Pickering  to  be  the  same. 

(2)  ]Mr.  Pickering  further  says  : — "  The  method  would  give 
absolutely  true  results  only  if  these  difterences  were  infinitely 
small;  if  they  are  reduced  too  much,  generally  below  1  per 
cent.,  the  experimental  errors  attain  such  relatively  large  pro- 
portions that  the  results  are  useless.''  *'  AVhen  a  second 
differentiation  has  to  be  performed  it  is  hardly  possible  to 
apply  it  to  the  experimental  values  themselves,  as  the  quantities 
dealt  with  would  be  about  the  same  magnitude  as  the  experi- 
mental errors  themselves"  (Journ.  C.  IS.  18iK),  p.  67). 
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These  sentences  seem  to  carry  with  them  the  condemnation 
of  the  method.  If  the  orifrinal  results  are  not  sufficiently 
accurate  to  warrant  second  differences,  no  manipulation  of  a 
steel  lath,  however  skilful,  can  make  them  so.  Hence  in  the 
case  of  experiments  of  such  extreme  delicacy  it  seems  pre- 
ferable to  throw  over  the  graphical  method  altogether,  and 
tabulate  the  finite  differences  as  suggested  under  empirical 
methods,  more  especially  as  they  afford  a  test  of  how  far  it  is 
safe  to  carry  the  reduced  results.  The  following  Table  is  thus 
obtained  from  Mr.  Pickering^s  results.  The  frequent  changes 
of  value  and  sign  in  the  third  differences  shows  that  the 
accuracy  of  the  ex})eriments  does  not  warrant  us  in  carrying 
the  equation  to  the  third  power  of  the  variable.  Let  us  then 
attempt  to  find  an  equation  of  the  second  degree  which 
adequately  expresses  Mr.  Pickering's  results  : — 

c=h'^u=-00Q0^1\  nearly. 

h  =  hi  -  .r7+^i  hhi  =  -01071616  -  119-9711  x  -0000471 
=  •00506552. 

a=M-^>a'-f^2^1-4809752--00506552x  58-992484 

--0000471x3512-6. 
a= 1-016704. 

.-.  M,=  1-016704  +  -00506552.^  +  •0000471a;2 ; 

from  which  the  column  of  calculated  values  has  been  obtained. 
Since  no  one  of  the  calculated  results  differs  from  that  ob- 
served by  so  much  as  one  part  in  five  thousand,  the  equation 
probably  expresses  the  results  well  within  the  limits  of  experi- 
mental error,  and  with  far  greater  accuracy  than  could  be 
attained  by  even  the  most  careful  drawing.  Probably  with 
greater  arithmetical  labour  the  calculated  and  observed  results 
could  be  brought  even  more  closely  together.  But  the  fact  of 
this  continuous  curve  running  so  well  among  the  ex[)erimental 
results  seems  to  throw  very  grave  suspicion  on  the  definite 
hydrate  H2SO4  3"92H20  containing  57  per  cent,  of  real  acid 
which  Mr.  Pickering  obtains  from  these  experiments. 

The  whole  question  then  seems  to  depend  upon  the  extent  to 
which  we  can  safely  rely  upon  the  experimental  results.  If 
the  limits  of  accuracy  are  1/5000,  the  results  can  be  exjiressed 
by  a  (smooth)  single  curve  represented  by  an  equation  of  the 
second  degree  ;  and  this  equation  when  differentiated  gives 
an  ecpiation  of  the  first  degrees,  which  can  be  exi)ressed  by  a 
straiiiht  lino. 
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In  conclusion,  it  need  hardly  be  pointed  out  that,  even  if 
these  criticisms  be  admitted,  they  do  not  impugn  the  threat 
accuracy  of  Mr.  Pickering's  results,  but  only  the  extreme 
accuracy  necessary  for  his  purpose  ;  further  they  do  not  of 
course  disprove  the  hydrate  theory,  but  only  reduce  it,  so  far 
as  they  go,  to  the  condition  known  in  Scottish  law  as  not 
proven. 


LI.  JS^ote  on  a  peculiar  Determinant  of  tlie  Sixth  Order. 
By  Thomas  Muir,  LL.D.* 

IN  the   Philosophical  Magazine  for  March   185G  (vol.  xi. 
pp.  378,  379j  Professor  Cayley  gave,  as  a  bye-result  of 
a  process  of  elimination,  the  curious  identity 

C     B  -2A'        .         .       ! 
-2B'      . 

.    --i^y 

-C     -B' 
B      -A' 
-A'       C 


C     .      A 

• 

B   A     . 

, 

A'   .      . 

A 

.    B'     . 

-C 

.     .     C 

-B 

=  -2 


A 

G' 

B 

C' 

B 

A' 

B' 

A' 

C 

or,  as  he  shortly  writes  it. 


n  =  -2K2, 


concluding  his  note  with  the  remark,  "  It  would  be  interesting 
to  show  a  priori  that  D  contains  K^  as  a  factor."  The 
appositeness  of  the  remark  is  not  a  little  enhanced  when  it  is 
recalled  that  Sylvester,  who  was  the  first  f  to  light  upon  D , 
made  it  out  to  be  equal  to 


t.  e. 


ABC(ABC  -  AB'2  -  BC'^  -  C  A''^  +  2  A'B'C) , 


ABC 


The  object  of  the  present  short  note  is  to  supply  Professor 
Cay  ley's  desideratum. 


A 

A.' 

C 

A' 

B 

B' 

G' 

B' 

C 

*  Communicated  by  tlie  Author. 

+  See  his  ingenious  paper,  "  Examples  of  the  Dialytic  ^[ethod  of 
Elimination  a.s  applied  to  Ternary  Systems  of  Equations,"  Cambridge 
Math.  Journ.  ii.  (1841)  pp.  232-230. 
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Multiplying 


-iAcr 

-iBC 

iCC 

-lAB' 

^BB' 

-iCB' 

|AA' 

-i^^^.' 

-iOA' 
1 

AB 


CA 


BC 


1 

by  D  we  obtain 

.     .     .    A(A'C'-BBO     B(B'C'-AAO     C(AB-C'2) 

.     .     .     A(A'B'-CCO     B(AC-B'2)         C(B'C'-AAO 

.     .     .    A(BC-A'-)        B(A'B'-CCO     C(A'C'-BB') 

B  A   .  .  .  -20' 

C    .    A  .  -2W 

,  .    C   B  -2A' 

so  that  we  have  at  once  the  identity 

A'C'-BB' 

A'B'-Ca 

BC-A'-^ 

But  the  determinant  on  the  ri^ht  here  is  such  that  if  we  alter 
the  signs  of  the  elements  in  its  first  row,  third  row,  and  second 
column,  it  becomes  the  adjugate  of 

B'         A'         0 

C         B  A 

A         C'         B' 

and  consequently  is  equal  to  —  K^.  All  that  therefore 
remains  to  be  done  is  division  by  —  A^B^C^. 

Botliwell,  Glasgow, 
April  7, 1891. 


__^2j32Q2  □  ^  _2ABC  .  ABC 


WQ'-XM      AB-C'^ 
AC-B'2      B'C'-.\A' 
A'B'-CC    A'G'-BB' 


LII.   On  the  Variation  of  Surface-Tension  loith  Temperatnre. 
By  Prof.  A.  L.  Selby,  il/.^.,  University  CoUege,Cardif.* 

MENDELEJEFF  speaks  of   an  ideal  liquid  as  charac- 
terized by  two  conditions  : — 

(1)  V,  =  Vo/(l  -AV),  V,  being  the  specific  volume  at  f°  C. 

(2)  'i^  =  T^[l  —  at),  '\\  being  the  surtace-tcnsion  at  t°  C. 
*  Comiuuiiicated  by  the  Plivsicnl  Society  :  loail  March  20,  1891. 
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I  believe  tluit  the  following  proof  shows  that  all  liquids 
satisfy  Menclolejeff's  second  condition. 

Lot  unit  mass  of  liquid  have  a  constant  volume,  but  variable 
surface  S,  and  temperature  t. 

In  a  small  change  of  the  variables,  the  heat  absorbed  is 

d'R  =  kdt  +  km, 

k  being  the  specific  heat  at  constant  volume,  I  the  latent  heat 
of  extension. 

The  external  work  done  on  the  film  is 

dW  =  Td^. 

Therefore  the  gain  of  intrinsic  energy  is 

dlI  +  dW  =  Mt+(l  +  T)d^. 

This  is  a  perfect  differential. 
Therefore 

dk  _d(l  +  T) 

Also  — 
t 

Therefore 


Therefore 

Therefore 

And 

ldk_ 
~tdi^ 

Now  k  does  not  depend  on  the  surface  unless  the  film  is 
very  thin. 
Therefore 

dt^      ^' 
And 

T=c-I>t, 

where  c  and  h  may  be  functions  of  the  specific  volume. 

That  h  does   not  depend  on  the  specific  volume  may  be 
shown  as  follows. 


d^~ 

dt 

is  a  perfect  differential. 

d  k 

_  dl 

dSt 

dt't 

Idk 

_  Idl 

I 

tdS~ 

'  idt 

t^' 

dT 

I 

dt 

~       t' 

d^T 
dt^ 

1 

dl       I 

dt  "^  ^2 

= 
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Let  the  liquid  \)o  maintained  at  constant  temperature,  and 
have  a  volume  v  and  surface  S  ;  and  let  L  bo  the  latent  heat 
of  dilatation  at  constant  surface. 

Put  the  liquid  through  a  cycle  consisting  of  two  isome- 
trics V,  v  +  dv,  and  two  lines  of  constiint  surface  8,  S  +  f/S. 

Since  the  cycle  is  reversible  and  the  temperature  is  con- 
stant, the  heat  absorbed  is  zero. 

Therefore 

dl_  ^^_-, 
do  ""  dii  ~ 

Therefore  /  is  independent  of  r,  and  so  is  b  since  1  =  1/1. 

Thus  the  latent  heat  of  extension  is  proportional  to  the 
absolute  t(unperature.  This  agrees  with  a  hvpothesis  of 
Clausius  (Phil.  Mag.  18G2,  vol.  xxiv.). 

It  has  been  shown  that  T  can  be  expressed  in  the  form 

f{v)-bL 

We  shall  show  that  it  can  also  be  written  (^{p^  —  ht. 

For  let  the  pressure  of  the  liquid  remain  constant  while  the 
surface,  volume,  and  temperature  vary. 

Then 

K  being  the  specific  heat  at  constant  pressure  and  /  having 
the  sauK^  meaning  as  before,  for  the  latent  heat  of  extension 
at  constant  temperature  and  volume  is  also  the  latent  heat  of 
extension  at  constant  pressure  (and  temperature). 
The  external  work  done  on  tlie  liquid  is 

d\Y  =  Td^-pj^dt, 

p  being  regarded  as  constant  in  forming  ^-. 
Therefore, 

dll  +  d\\  =  /  K  -p  'l^dt  +  (l  +  T)  (/S. 

Since  this  is  a  perfect  differential, 

l^^  +  ^^  =  i-(^-^'^/)  =  ''  ''"'^'  '""'  """  ^^'"  ^""•• 
Now  l=ibt. 

TluMvfore  T  =  <t>{j>)-bt. 
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But  the  two  expressions  (f){j>)  —bt  and  f  (r)  —bt  can  only  he 

identical  at  all  temperatures  if/(t')  and  (}>{p)  are  hoth  equal 

to  a  constant  c. 

Therefore  m  ? , 

i  =  c  —  ot, 

where  c  and  b  are  constant. 

It  appears  then  that  the  surface-tension  of  a  liquid  is 
independent  of  the  pressure  and  depends  only  on  the 
temperature,  unless  the  film  is  very  thin. 

The  critical  temperature  is  c/b,  and  can  he  found  by  deter- 
mining the  surface-tension  at  two  very  different  temperatures. 

LIII.  On  some  New  Methods  of  Investigating  tJie  Points  of 
Recalescence  in  Steel  and  Iron.  By  Frederick  J.  Smith, 
Trinity  College,  Oxford^. 

IT  was  discovered  by  Mr.  Gore,  in  1869,  that  when  an  iron 
wire  was  heated  to  redness,  and  then  allowed  to  cool, 
a  momentary  elongation  of  the  wire  took  place  imme- 
diately after  it  began  to  cool.  The  phenomenon  was  made 
evident  by  means  of  a  suitably  arranged  pointer  (Proc.  li.  S. 
1869).  The  phenomenon  was  next  investigated  by  Prof. 
Barrett,  and  it  was  shown  by  him  to  be  due  to  a  reheating  of 
the  wire  :  the  phenomenon  has  been  called  by  him  Recalescence 
(Phil.  Mag.  1873).  Recently  M.  Osmond"  has  observed  that 
there  appear  to  be  two  points  at  which  on  cooling  the  pheno- 
mena occur  [Compt.  Eenclus,  1890). 

I  have  not  mentioned  other  work  which  has  been  done  on 
recalescence,  as  it  Avould  have  no  immediate  bearing  on  the 
subject  of  this  communication.  I  have  been  led  to  make  some 
experiments  on  recalescence,  with  a  view  to  discover  what 
part  it  may  play  in  the  destruction  of  certain  engineering 
structures,  such  as  heavy  coiled  guns,  and  those  parts  of 
boilers  which  are  exposed  to  the  effects  of  fire. 

Up  to  the  present  time,  observations  have  been  made  on 
the  changes  of  temperature  a])art  from  the  lengthening  and 
shortening  of  the  steel  and  iron  under  examination.  I  wished, 
if  possible,  to  discover  the  time-connexion  which  exists  be- 
tween the  change  of  form  and  the  change  of  tenqierature. 
Several  methods  of  experimentation  were  tried,  and  finally 
the  following  ones  were  found  to  give  satisfactory  results. 

The  upper  end  of  the  steel  wire  to  be  tested  was  fixed 
vertically  :  the  lower  end  was  attached  to  a  long  light  lever  of 
aluminium,    so  arranged  that  a    small  change  ot  length  of 

*  Communicated  by  the  Author. 
Phil.  Mag.  S.  5.  Vol.  31.  No.  192.  Ma^  1891.        2  I 
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the  wire  caused  a  large;  movement  of  the  end  of  the  lever, 
which  traced  a  lino  on  the  smoked  surface  of  paper  rotating 
on  an  ordinary  })hysiological  chronograph  cylinder.  A  thermo- 
couple made  up  of  two  wires,  one  of  platinum,  the  other  of  pla- 
tinum alloyed  with  10  per  cent,  of  rhodium,  was  twisted  round 
tlio  wire  where  it  was  heated  ;  the  thermo-couple  was  in  circuit 
with  a  Dcpretz  D'Arsonval  galvanometer.  By  means  of  this 
combination  the  tem[)eratures  at  which  the  changes  of  length 
of  the  wire  took  place  were  read.  The  movements  of  the  l)eam 
of  light  reflected  from  the  galvanometer  were  recorded  on  a 
moving  photographic  fihn. 

The  outcome  of  the  experiments  made  with  this  arrange- 
ment was  that  the  changes  of  form  of  the  metal  under 
examination  took  ])lace  at  the  times  of  change  of  temperature, 
so  that  a  curve  so  traced  on  the  smoked  pajjcr  can  be  used  as 
an  index  of  the  changes  of  form  and  the  changes  of  tempera- 
ture. While  an  experiment  was  going  on,  electrically  con- 
trolled styli  marked  the  time  on  the  smoked  paper  and  on  the 
photographic  record  second  by  second. 


Two  copies  of  curves  traciul  by  this  method  are  given, 
numbered  I  and  II.  They  show  that  on  heating  the  wire  it 
exj)ands  up  to  a  point  B,  and  then  stoi)S,  although  tli(>  heat 
is  .su{)plied  to  the  wire  at  a  uniform  rate,  it  next  exj)ands  up 
to  C  ;  heat  then  being  taken  otf,  it  contracts  to  D,  where  for  a 
short  time  it  ceases  to  contract,  it  then  contracts  to  E.  The 
time  is  marked  on  i\\Q  zigzag  line  TT  every  two  seconds. 
So  far  two  critical  points  are  made  evidi'nt.  The  wires  used  in 
tracing  the  curves   I  and    11  were   ditlorentlv  loaded;  this 
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caused  the  point  I  to  be  differently  placed  in  the  two  experi- 
ments. The  wire  in  II  carried  the  oreater  load.  If  the  wires 
are  not  loaded,  the  critical  points  are  found  to  he  at  the  same 
heifjht  of  ordinate. 

While  I  was  working  on  the  subject,  it  seemed  prol)able 
that  the  curious  changes  which  took  place  in  a  wire  when 
heated  and  cooled  might  possibly  be  accompanied  by  some 
sounds  at  the  critical  points.  By  means  of  a  i)iece  of 
apparatus  of  simple  construction  I  found  this  to  be  the  case. 
The  a])paratus  was  constructed  thus  : — A  disk  of  mica  5  centim. 
in  diameter  was  fitted,  like  a  telephone  disk,  into  a  circular 
recess^  turned  out  of  a  piece  of  wood.  The  disk  was  fixed  at 
right  angles  to  a  table.  The  steel  wire  under  examination  was 
attached  at  one  end  to  the  centre  of  the  disk,  at  the  other  to 
a  vertical  post.  The  length  of  the  wires  tried  varied  between 
5  centim.  and  20  centim.;  the  diameters  of  the  wires  used 
were  about  0*5  niillim.  to  I'O  niillim.  The  front  of  the  recess 
into  which  the  mica  disk  was  litted  was  furnished  with  two 
tubes,  by  means  of  which  any  sounds  from  the  disk  might  be 
conducted  to  the  ears. 

After  the  tubes  were  fixed  to  the  ears,  a  flame  was  applied 
to  the  wire,  usually  the  tip  of  a  small  Bunsen  burner.  On 
heating  the  wire  a  certain  teniperature  was  reached  at  which 
a  sharp  crackling  sound  was  heard.  As  the  temperature  was 
increased  this  ceased  ;  then,  on  removing  the  flame,  at  the 
same  temperature  at  which  the  first  sound  was  heard,  a  second 
similar  sound  occurred.  This  took  place  at  the  point  of  re- 
calescence. As  the  wire  cooled  this  ceased,  and  then,  when 
a  temperature  of  about  490°  C.  was  reached,  a  very  sharp 
sound  was  emitted.  This  third  sound  is,  I  believe^  of  interest, 
as  it  appears  to  take  place  at  the  second  critical  point  observed 
by  M.  Osmond.  During  this  sound  experiment,  the  tempera- 
ture was  observed  by  means  of  the  thermo-couple  and  gal- 
vanometer. When  tlie  disk  was  furnished  with  a  hollow  cone, 
as  used  in  connexion  with  the  phonograph,  a  person  cotild 
hear  the  effect  at  a  distance  of  ten  feet  from  the  apparatus. 
The  first  two  soitnds  are  of  short  duration,  and  might  easily 
be  missed,  if  not  carefully  listened  for;  but  the  third  sound  is 
clear  and  definite.  The  wire  used  in  these  experiments  was 
steel  pianoforte  wire,  annealed  and  straightened.  I  was 
unable  to  get  the  efiect  when  a  wide  flame  was  used,  but  with 
a  flame  about  1  centim.  wide  the  curious  eflfect  can  be  [)ro- 
duced  fifty  times  following  from  the  same  wire.  The  last 
experiment  was  also  arranged  so  that  the  steel  Avire  when 
heated  should  be  in  a  strong  magnetic  field,  produced  by 
a  helix   through  the  axis   of  which   the   steel   wire  passed. 

2  I  2 
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Repeated  trials  showed  tliat  the  sounds  produced  were  in  noway 
alt(!rcd  l)y  the  fact  of  the  wire  bein;^  in  the  magnetic  field. 

The  former  method  of  the  trace  on  smoked  paper  has  been 
used  by  me  in  the  MiUard  Laboratory  for  oretting  traces  of 
the  expansion  and  contraction  of  bars  of  different  metals  up  to 
2  ccntim.  diameter,  heated  over  a  part  of  their  length  in  a 
gas  furnace. 

San  Remo,  March  28,  1801. 

LIV.  Notices  respecting  New  Books. 

A  Dictionary  of  Metric  and  other  useful  Measures.     Bij  Latimer 

Clark,  F.R.S.  (London :  E.  &  P.  N.  Spon.) 
/^XE  of  the  most  marked  characteristics  of  the  progress  of  Science 
^-^  is  to  be  found  in  the  gradual  decay  of  the  old  rule  of  thumb 
methods  of  calculation  formerly  in  use  among  practical  men. 
The  development  of  scientific  methods  in  all  branches  of  commerce 
necessitates  not  only  a  greater,  but  also  a  more  accurate,  know- 
ledge of  the  relations  between  the  units  of  measurement  in  various 
trades  and  iu  different  countries.  Also  the  daily  increase  in  the 
number  of  practical  applications  of  electricity  has  caused  attention 
to  be  directed  to  its  units  of  measurement;  and  it  is  to  be  hoped 
that  the  simplicity  of  these  uuits  will  lead  finally  to  their  universal 
adoption. 

In  the  volume  before  us  Mr.  Clark  has  arranged  all  the  principal 
units  of  measurement  iu  alphabetical  order  and  given  definitions  of 
each ;  he  has  also  given  multiplying  factors  for  the  conversion 
from  one  system  of  units  to  another.  For  those  who  prefer 
logarithmic  computations  the  logarithms  of  these  factors  are  given 
with  five-figure  accuracy,  and  a  table  of  five-figure  logarithms  is 
also  added  at  the  end  of  the  book.  The  work  is  very  complete 
and  has  been  brought  quite  up  to  date,  the  mass  of  a  cubic  inch  of 
water  for  example  being  given  as  2-52-:2S6  grains  as  legalized  by 
the  Board  of  Trade  in  1890,  thus  displacing  the  previous  number, 
viz.,  252-458  grains.  The  units  given  include  almost  all  in  com- 
mercial use,  and  range  from  the  law-writer's  "  folio"  to  the  unit  of 
self-induction.  The  apothecaries'  weights  and  measures  have  not 
been  forgotten,  and  should  prove  useful  to  many  a  photographer. 
The  alphabetical  arrangement  is  very  convenient,  and  any  required 
unit  can  be  found  at  once.  The  book  is,  moreover,  for  a  work  of 
Ibis  kind,  singularly  free  from  errors.  Its  figures  are  printed  in  a 
good,  bold  type,  very  unlike  that  of  the  familiar  engineers*  and 
electricians'  pocket-books,  but  none  the  less  commendable. 

James  L.  Howard. 

Index  of  Sj^ectra.     Jh/  W.  Marsuall  AVatts,  D.Sc,  F.I.C. 

(Manchester:  Abel  lleywootl  &  Sou.) 

Tuis  l)ook  appears  as  a  revised  and  greatly  enlarged  edition  of 

the  original  work  with  the  same  title,  which   wa-s  published  iu 
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1872.  Since  that  time  (in  1884)  a  Committee  of  the  British 
Association,  of  which  tlie  author  was  Secretary,  has  collected  all 
the  results  of  various  observers  relating  to  the  spectra  of  the 
elements,  and  has  printed  them  in  the  Keports  of  the  Association. 
In  the  present  -Nohune  all  these  results  are  I'eprinted  together  with 
others  published  since  the  Committee  finished  its  work.  It  does 
not,  however,  contain  the  most  recent  measurements  made  with 
the  large  diffraction-gratings  at  the  Johns  Hopkins  University  by 
Prof.  Rowland  and  his  colleagues.  Indeed  the  numbers  given  in 
the  tables  were  all  obtained  from  prismatic  spectra,  and  corrected, 
of  course,  for  the  irregularities  in  the  dispersion  of  the  prism.  In 
tjlie  preface  Dr.  Watts  gives  a  table  of  corrections  for  reducing 
Angstrom's  and  Cornu's  measurements  to  the  standard  of  Eow  land's 
map.  This  is  presumably  the  map  issued  in  1SS8,  \\hich,  if  we 
remember  rightly,  Prof.  Kowland  stated  to  be  in  some  respects 
erroneous  ;  at  any  rate  not  so  accurate  as  the  more  I'ecent  one 
(1889).  The  author  has  introduced  a  new  feature  into  this  Index 
in  the  shape  of  a  column  of  oscillation  frequencies,  these  being  the 
reciprocals  of  the  wave-lengths.  This  column  ought  to  be  very 
useful  in  ascertaining  any  harmonic  relations  which  may  exist  be- 
tween the  various  lines  in  the  spectrum.  The  Index  contains  a 
very  large  amount  of  information  concentrated  into  a  small  com- 
pass. Ey  its  means  it  should  be  possible  to  identify  with  com- 
parative ease  any  unknown  element  which  happens  to  be  under 
examination.  We  are  glad  to  learn  that  Dr.  Watts  contemplates 
issuing  an  Atlas  of  Spectra  as  a  companion  to  the  book  before  us. 
The  Atlas  is  to  be  constructed  so  that  the  intervals  between  the 
lines  will  be  proportional  to  their  differences  of  oscillation  fre- 
quency. This  will  differ  considerably  from  Rowland's  map,  where 
the  distance  between  two  lines  is  proportional  to  their  difference 
in  wave-length.  Dr.  Watts's  map  should  show  at  a  glance  what 
relations,  if  any,  exist  between  the  various  lines  given  by  any 
element.  .1.  L.  H. 

TJie  Phonojwre  mid  the  Simplex  Phonopore  Telerirapli.  Bij  C. 
Laxgdon-Daties.  (London :  Kegan  Paul,  Trench,  Triibner, 
&Co.) 

If  two  insulated  wires  be  wound  side  by  side  on  a  bobbin  so  that 
a  current  passed  through  one  acts  inductively  on  the  other,  it  is 
well  known  that,  if  one  end  of  the  secondary  coil  be  insulated  and 
the  other  joined  up  to  a  telephone  and  a  galvanometer  whose 
second  terminal  is  likewise  insulated,  whenever  a  current  is  made 
or  broken  in  tin?  primary  coil  the  telephone  of  the  secondary  coil 
gives  a  click,  1)iit  the  galvanometer  shows  no  effect.  By  periodically 
repeating  the  making  and  breaking  of  the  primary  current,  we  can 
produce  a  musical  note  in  the  telephone,  but  the  galvanometer  is 
still  undisturbed.  The  author  has  made  use  of  this  fact  in  the 
phonojiorc,  which  consists  of  two  coils,  as  described  above,  and 
which  he  proposes  to  apply  to  a  new  system  of  duplex  telegraphy. 
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The  one  set  of  messages  is  to  be  transmitted  and  received  bj  an 
ordinary  Morse  installation  working  with  constant  currents.  For 
the  other  set  of  messages  the  plionopore  is  used,  its  primary  coil 
being  connected  simply  to  a  spring  by  which  its  current  is 
automatically  made  or  broken  periodically,  and  to  a  key  for  sending 
messages.  The  secondary  coil  has  one  end  insulated  and  the  other 
connected  to  the  line.  The  second  set  of  messages  is  therefore  a 
series  of  breaks  in  an  otherwise  periodically  made  and  broken 
current.  The  receiver  for  these  messages  is  somewhat  complicated 
and  very  ingenious.  It  possesses  a  spring  whose  rate  of  vibration 
coincides  with  that  of  the  harmonically  interrupted  current,  and 
it  is  therefore  not  affected  by  irregular  disturbances.  The  system 
seems  quite  good  in  principle,  and  is  an  ingenious  and  extremely 
interesting  attempt  to  put  the  idea  of  Elisha  Gray's  harmonic 
telegraph  into  a  workable  form.  The  author  points  out  that  his 
telegraph  can  be  added  to  any  previously  existing  installation,  and 
he  has  made  crucial  experiments  on  several  lines  both  in  England 
and  abroad.  The  reports  gi\en  by  eye-witnesses  of  these  experi- 
ments are  incorporated  in  the  book  before  us,  and  they  seem  to 
promise  well  for  the  ultiuiate  success  of  the  system.        J.  L.  H. 

Reduction   Tables  for    Reaclinr/s    hy    the    Gavss-Po(/f/e)Hlo)[ff'  Mirror 
Method.     CzEKMAK.     (Berlin  :  Julius  Springer.) 

'WiiEXKYER  a  mirror-aud-scale  method  is  used  for  the  measure- 
ment of  small  angles  some  trouble  is  experienced  in  reducing  the 
observations,  because  the  scale-readings  are  proportional  to  the 
tangent  of  twice  the  angle  of  deflexion,  whereas  we  generally  re- 
quire either  the  angle  of  deflexion  itself,  its  tangent,  or  else,  as 
in  the  ballistic  galvanometer,  the  siue  of  half  of  it.  The  object  of 
these  tables  is  to  enable  an  observer  to  write  down  at  once,  know- 
ing the  distance  between  his  mirror  and  scale  and  the  scale- 
reading,  a  number  proportional  to  the  quantity  he  wishes  to 
measure  in  any  experiment.  There  are  four  tables  given  in  order 
to  iind  the  angle  of  deflexion  in  degrees  or  in  circular  measure, 
the  tangent  of  the  angle  of  deflexion  and  the  sine  of  half  of  it, 
respectiAcly.  The  method  of  reduction  and  the  process  by  which 
it  is  arrived  at  are  described  in  English,  Prench,  and  German,  at 
the  beginning  of  the  book.  The  tables  will  prove  useful  to  those 
who  are  in  the  habit  of  making  series  of  observations  with  a  mirror 
and  scale,  thougii  the  melljod  is  far  more  frequently  resorted  to 
on  the  Continent  than  in  England,  null  methods  being  here  in  more 
general  use.  J.  L.  H. 

An  Tntroduction  to  Di/namics,  incJudln;/  Kineniaiics.  Kinetics,  and 
l^taficn,  vith  numeroxis  examples.  Jii/  C.  \.  BunTOX,  D.Sc. 
(London:  Longmans.    Pp.  xiii4-392.) 

The  first  seven  chapters  (with  the  exception  of  chapter  iii.  which 
treats  of  the  trigonometry  of  one  angle,  for  the  beneflt  of  readers 
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who  have  no  previous  knowledge  of  this  subject)  are  devoted  to 
Kinematics,  up  to  and  inclusive  of  Projectiles.  Chapters  x.  to  xiii. 
are  mainly  occu])ied  vA'ith  Statics :  in  chapter  xiv.  several  problems 
in  Statics  are  discussed:  the  remaining  chapters  (viii.,  ix,,  xv.  to 
xvii.)  tz'eat  of  Kinetics,  and  the  last  cliapter  (xviii.)  is  taken  up 
with  the  dimensions  of  Units.  In  the  main  body  of  the  work  are 
numerous  examples,  some  of  which  are  very  fully  and  carefully 
worked  out.  At  the  end  are  a  number  of  additional  exercises, 
arranged  under  the  subjects  of  the  previous  chapters  ;  these  have,  in 
the  main,  been  taken  from  London  University  examination  papers. 
To  all  the  Examples  answers  are  given.  Original  treatment  is  not 
to  be  loolved  for  in  a  work  of  this  character,  which  is  written  for 
Students  preparing  for  the  above-named  and  similar  examinations. 
But  what  we  have  found  is  that  great  pains  have  been  taken  in 
clearing  up  difficulties  which  young  students  meet  with  in  this 
subject ;  and  this  we  state  though  here  and  there  are  small  over- 
sights, as  on  p.  21  and  one  or  two  other  places.  These  can  easily 
be  removed  in  a  subsequent  edition.  Some  parts,  notably  the 
earlier  chapters,  and  bits  here  and  there  in  later  chapters,  are  very 
well  done ;  and  in  the  other  weaker  parts  Dr.  Burton  sins,  if  he 
does  sin,  with  the  majority  of  elementary  text-book  compilers. 
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February  25,  1891.— Dr.  A.  Geikie,  P.R.S., 
President,  in  the  Chair. 

THE  following  communications  were  read : — 
1 .  "A  Contribution  to  the  Geology  of  the  Southern  Trans- 
vaal."    By  W.  H.  Penning,  Esq.,  P.G.S. 

The  following  table  shows  the  author's  classifieation  of  the  sedi- 
mentary rocks  of  this  region,  as  compared  with  those  of  Messrs. 
Dunn  and  Stow  and  Prof,  llupcrt  Jones : — 

Dunn.     (Map,  1887). 
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The  De  Kaap-Valley  Beds  consist  of  schists,  shales,  cherts,  and 
quartzites,  with  some  conglomerates,  chloritic,  and  steatitic  beds  of 
great  thickness,  faulted,  according  to  the  author,  against  the 
granite.  They  contain  a  few  obscure  corals,  aud  are  provisionally 
referred  to  the  Silurian. 

The  Witwatersrand  Scries  consists  chiefly  of  sandstones,  shales, 
cherts,  and  quartzites,  having  an  estimated  thickness  of  18,000  feet, 
possibly  formed  in  a  hollow  of  the  granite,  and  perhaps  of  marine 
formation. 

The  Klip-lliver  Series  is  formed  of  shales,  flagstones,  cherts,  and 
quartzites,  with  numerous  interstratified  traps,  and  is  at  lea.st 
18,0()O  feet  thick.  Near  its  base  is  the  "Black  Reef"  and  a  chal- 
cedonite  like  that  described  by  the  author  in  connexion  with  the 
Lydenberg  district,  which  confirms  his  opinion  that  this  area 
is  formed  of  part  of  the  ^legaliesberg  formation.  The  base  of  the 
series  is  generally  conformal)le  to  the  underlying  rocks.  The 
whole  of  the  lower  half  of  the  Megaliesberg  formation  is  let  down 
against  the  north  side  of  the  granite  S.  of  Pretoria. 

The  author  divides  the  formation  which  he  described  in  1884 
under  the  heading  of  High-Level  Coalfields  of  South  Africa  into  the 
Kimberloy  Beds  and  the  High  Yeldr  Beds.  The  former  thin  out 
eastward,  and  arc  overlapped  liy  the  latter,  the  estimated  thickness 
of  which  is  2300  feet.  A  volcanic  rock  overlies  the  Coal-formation. 
Near  the  base  of  the  formation  is  a  bed  of  loose,  calcareous,  sandy 
clay  enclosing  many  Materworn  pebbles,  some  of  large  size,  derived 
from  the  quartzites  and  "  Bankets "  of  the  underhing  formation. 
The  author  is  convinced  that  the  region  was  under  glacial  influences 
at  some  time  during  the  long  period  which  intervened  between  the 
deposition  of  the  Megaliesberg  formation  and  of  the  coal-bearing 
rocks  of  the  High  Yeldt,  which  latter,  he  maintains,  are  certainly 
Oolitic  :  the  latter  contain  GJossoptcris  (?)  and  fishes,  which  he  con- 
siders to  be  nearly  allied  to  Lejndotzis  valdensis,  the  latter  being 
from  the  Free  State. 

The  High-Yeldt  rocks  are  of  fluviatile  origin,  and  there  appears 
to  have  been  continuity  of  fluviatile  denudatiou  from  the  close  of 
the  Oolitic  period  until  now. 

2.  "  On  the  LoAver  Limit  of  the  Cambrian  Series  in  X.W.  Caer- 
narvonshire.''    By  Miss  Catherine  A.  Eaisin,  B.Sc. 

In  this  paper  the  author  examines  the  questions,  whether  the 
Bangor  beds  should  be  included  in  the  Cambrian  Series,  audliowtho 
strata  associated  with  the  southern  felstone  should  be  classed.  The 
litliological  character  of  the  rocks  overlying  the  conglomerate  at 
Bangor  is  shown  to  be  of  little  classificatory  value,  but  the  apparent 
diseonlar.ee  between  its  strike  and  that  of  tlie  beds  beneath  suggests 
the  inclusion  of  the  latter  in  the  Pre-canibrian  series,  as  maintained 
b}-  Prof.  Hughes  and  Prof.  Bonney. 

The  age  of  the  northern  beds  m\ist  depend,  however,  to  a  great 
extent  upon  the  classification  adopted  for  the  Llyu  Padaru  rocks. 
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It  has  recently  been  proposed  to  regard  the  felstone  of  this  district 
as  a  lava-flow  of  Mid-Cambrian  age,  and  the  beds  to  the  north  as 
lower  strata  included  in  the  same  great  series.  The  author  points 
out  as  objections  to  this  view: — (1)  the  enormous  thickness  of  beds, 
which  in  that  case  must  be  cut  out  by  the  supposed  Arenig  uncon- 
formity at  Caernarvon ;  (2)  the  difficulty  of  assigning  two  felsite 
masses  lithologically  similar  to  two  distinct  periods  ;  and  (3)  the 
occurrence  of  conglomerates  similar  to  those  which  are  elsewhere 
admitted  to  be  basal  Cambrian.  But  in  addition  to  these  minor 
dithculties,  the  theory  of  a  Mid-Cambrian  age  for  the  above-named 
lava  is  shown  to  be  without  foundation.  It  was  supposed  that  in  the 
Eryn  Efail  quarry  the  slaty  rocks  of  the  district  immediately  to  the 
north  could  be  seen  in  contact  with,  and  altered  by,  this  lava.  The 
author  shows  that  no  slate  occurs  in  the  quarry,  a  diabase  having 
apparently  been  mistaken  for  it,  and  that  there  is  no  grit  in  the 
section  which  would  afford  any  support  to  the  new  theory.  The 
author  concludes  that  the  Llyn  Padarn  felsite  is  probably,  as 
classed  by  Dr.  Hicks  and  Prof.  Bonney,  of  pre-Cambrian  age.  As 
regards  the  country  to  the  north,  the  argument  for  the  arrange- 
ment was  based  mainly  on  the  interpretation  of  the  Bryn  Efail 
rocks  ;  but  as  this  is  seen  to  be  erroneous,  the  section  founded  on  it 
does  not  appear  preferable  in  any  way  to  that  published  by  the 
Geological  Survey. 


LVI.  Intelligence  and  Miscellaneous  Articles. 

SOME  REMAEKS  ON  THE  KINETIC  THEORY  OF  GASES. 
BY  S.  TOLVER  RRBSTON. 

THE  theorem  that  the  velocities  of  the  molecules  of  a  gas  vary 
"between  zero  and  infinity"  (between  zero  and  a  velocity 
indefinitely  great)  would  seem  to  give  the  idea  that  the  velocities  are 
enormously  great  sometimes. 

But  it  would  appear  that  there  are  distinct  physical  conditions 
tending  to  limit  the  velocities  of  the  molecules  of  a  gas  (i.  e.  the 
velocities  capable  of  being  acquired  in  the  accidents  of  collision). 
First,  there  is  the  friction  of  the  molecules  in  their  passage  through 
the  H'ther.  This  must  be  considiu'able  at  high  velocities,  siiu-e 
meteoric  dust  is  measurably  retarded  from  this  cause  ;  and  the 
relative  friction  or  resistance  to  passage  increases  as  the  size  of  the 
bodv  diminishes.  So  that  probably  by  the  known  small  size  of 
molecules,  the  friction  must  be  very  great.  Second,  the  I'esistance 
to  passage  is  augmented  from  the  fact  that  the  molecule  is  in 
vibration  (or  some  analogous  motion  about  its  centre  of  gravity) 
in  the  aether.  The  molecule  is  like  a  rough  body  then,  stirring  up 
the  a-llier  during  its  translatory  motion,  which  must  greatly 
augnuMit  the  resistance  to  passage.  That  there  is  friction  in  tiie 
U'thcr  by  tlie  passage  of  molecules  is  also  confirmed,  as  it  seems,  by 
the  fact  that  waves  of  beat  and  light  contain  energy.     For  how 
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should  a  vibrating  molecule  impart  energy  to  the  aether  without 
friction  or  resistance  ?  The  resistance  is  in  fact  a  measure  of  the 
ener<;y  imparted.  It  appears  a  question  whether,  if  the  amplitude 
of  the  vibration  (or  motion  which  stirs  up  the  a-ther)  of  molecules 
were  known,  the  friction  or  resistance  could  not  be  calculated 
therefrom.  For  we  know  the  number  of  vibrations  accurately  by 
the  s])ectroscope,  and  the  energy  imparted  to  the  a-ther  (or  contained 
in  the  wav(!s),  by  the  thermopile.  To  deduce  the  resistance  to 
passage  represented  by  the  act  of  vibrating  or  swinging,  we  only 
appear  to  require  the  amplitude  of  vibration  then.  Perhaps  a 
limiting  value  for  this  could  be  approximately  arrived  at. 

Another  cause  tending  to  reduce  the  velocity  of  translatory 
motion  possible  to  the  molecules  of  gases  in  the  accidents  of  collision, 
consists  obviously  in  the  fact  that  the  internal  motion  of  the 
molecule  (vibration,  rotation,  &c.)  is  proportional  to  the  translatory 
velocity .  fSo  if  a  molecule  attained  an  excessive  translatory  velocity, 
it  would  acquire  an  excessive  vibration.  This  vibration  would  soon 
dissipate  the  energy  in  the  aether  in  the  form  of  waves  of  heat ; 
and  at  the  next  succeeding  collisions,  the  molecule  would  acquire  a 
relatively  slower  translatory  motion,  as  it  could  not  retain  the 
necessary  vibratory  motion  (internal  motion)  which  is  the  essential 
accompaniment  of  a  very  high  translatory  velocity.  So  therefore, 
from  all  these  causes,  the  sj^eeds  capable  of  being  acquired  by  the 
molecules  of  gases  in  the  accidents  of  their  encoujiters,  are  probably 
moderate ;  and  far  less  perhaps  than  might  be  inferred  from  the 
theorem  that  the  velocities  vary  between  zero  and  a  velocity 
indelinitely  great. 

Kefering  to  a  letter  received  from  the  late  Prof.  Clerk  Maxwell, 
I  find  that — "  The  number  of  molecules  whose  velocity  is  more  than 
five  times  the  mean  velocity  is  an  exceedingly  small  fraction  of  the 
whole  number,  less  than  one  millionth.  But  if  there  were  lU"* 
molecules,  many  millions  of  these  would  have  velocities  greater 
tha)i  five  times  the  mean,  and  yet  this  would  produce  no  appreci- 
able effect  on  the  whole  mass." 

It  seems,  then,  from  the  above  that  the  number  of  molecules 
attaining  high  speeds  is  relatively  rare.  But  it  appears  none  the 
less  worth  noting  distinctly  that  an  indefinitely  great  velocity 
would  mean  a  velocity  indefinitely  greater  than  the  speed  of  light 
even.  Suppose  a  few  molecules  to  attain  extreme  st^ellar  velocities 
of  say  200  miles  per  second  ;  it  is  evident  that  the  friction  in  the 
a)ther  (appreciable  in  the  case  of  meteoric  dust)  would  commence  to 
tell  in  reducing  the  velocity.  And  as  for  a  molecule  supposed  to 
accpiire  the  speed  of  light  itself,  the  molecule  would  (in  traversing 
the  a'ther)  resemble  nuich  a  cannon  ball  moving  through  tlie  air  at 
the  normal  speed  of  the  air-molecules  themselves — about  IGoOfeet 
per  second — where  the  resistance  to  passage  is  very  considerable, 
so  it  seems  that  there  are  in  jiractiee  physical  conditions  limiting 
the  velocities  attainable  by  the  molecules  of  gases  ;  the  resistance 
to   passage  augmenting  more   than  in  ju'oportion  to  the  velocity. 
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It  is  not  at  all  as  if  those  molecules  were  moving  in  empty  space. 
A  molecule,  if  assumed  to  acquire  an  infinite  velocity,  would 
certainly  have  to  be  assumed  to  possess  an  infinite  energy.  It  may 
be  questioned  whether  even  the  total  energy  of  translatory  motion 
of  the  stars  in  the  collective  universe  is  infinite  in  sum  ;  if 
not,  then  a  single  molecule  with  a  supposed  infinite  velocity 
would  require  to  have  a  greater  total  energy  than  this.  The 
expression  "  infinite  velocity "  apparently  only  comes  into  the 
mathematical  calculations  applicable  to  a  gas,  supposed  infinite  in 
extent.  But  in  these  calculations  it  seems  tacitly  to  be  supposed 
that  the  molecules  are  moving  in  empty  space,  which  is,  however, 
not  a  fact.  On  the  contrary*,  the  molecules  move  in  a  resisting 
substance  whose  obstruction  to  motion  increases  in  a  high  ratio 
with  the  velocity  of  the  bodies  which  traverse  the  resisting 
substance. 

Hamburg,  March  1891. 


THE  LIGHTNING  DISCHARGE.       BY  S.  TOLVER  PRESTON. 

Prof.  Colladon  has  stated  from  personal  observation  ('  Xature,' 
July  1,  18S(l)  that  trees  struck  by  lightning  give  indication  of  a 

*  The  late  Prof.  Clerk  Maxwell  nrrived  at  some  data  as  to  the  size  kc. 
of  inolocules.  If  we  assume  a  hydroiren  molecule  to  vibrate  through  an 
amplitude  (say)  two  thirds  of  its  diameter  at  a  certain  temperature,  we 
can  obviously  get  the  total  distance  traversed  through  the  aether  iu  one 
second  by  the  luolecule  through  its  vibrations,  i.  e.  the  total  distance  the 
molecule  would  have  traversed  if,  instead  of  oscillating,  it  had  moved 
through  the  same  total  distance  per  second  in  a  straight  line.  I  find  this 
distance  to  be  about  ninety  miles,  i.  e.  the  molecule  vibrates  at  the  rate  of 
ninety  miles  per  second,  by  the  above  assumed  amplitude  of  vibration  in 
terms  of  dimensions  of  molecule  (which  seems  quite  possible).  According 
to  Maxwell,  two  million  hydrogen  molecules  placed  in  a  row  would 
occupy  a  millimetre.  Hence  it  appears  practicable  that  molecules  can 
vibrate  at  a  (jrcater  rate  than  a  planetary  velocity,  which  mav  seem 
surprising  to  some,  considering  how  .small  the  dimensions  of  molecules  are 
(and  therefore  their  amplitudes  of  movement).  The  velocity  of  the  earth  in 
its  orljit,  for  instance,  is  eighteen  miles  per  second,  as  is  known.  The  above 
comparativ(!ly  high  estimate  for  vibratory  velocity  of  molecules  (ninety 
miles  per  second,  only  a  rough  estimate  of  course)  may  account  rationally 
for  the  energy  ccmtained  iu  the  heat-waves  of  gases  and  other  bodies, 
Avhich  (energy)  is  a  measure  of  the  friction  or  resistance  opposed  by  the 
aether  to  the  vibration  or  movement  of  a  body  in  it.  Calculations  of  lliis 
kind,  although  of  course  only  approximate,  may  give  us  conceptions  or  ideas 
of  the  tether  structure.  If  I  had  by  me  data  as  to  the  energy  of  the  waves 
emitt(,'d  by  a  gas  (radiating  power),  it  would  obviously  not  be  diflicult  to 
compute  the  static  re.slstance  opposed  by  the  rether  to  the  vibratory  move- 
ment or  swing  ot  the  molecule  m  it,  in  terms  of  the  weight  of  the  nude- 
cule,  i.  e.  in  terms  of  gravity.  Whether  we  have  here  a  swing  of  the 
molecule,  a  movement  of  rotation  oscillatory  in  its  nature,  or  any  move- 
ment of  a  repeated  kind,  the  sanu'  considerations  evidently  iu  principle 
apply. 
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radial  disturbance ;  or  the  intensity  of  the  destructi\  e  effect  on 
leaves,  branches,  &c.  increases  radially  towards  an  axial  line,  where 
the  effect  is  a  maximum,  or  explosive. 

Before  this  observation,  or  in  1870,  I  had  published  two  articles 
in  'Engineering,'  (March  17  and  31,  1876),  where,  in  regard  to 
the  lightning  discharge,  the  above  radial  movement  towards  an 
axial  line — which  constitutes  the  "spark" — was  suggested  on 
theoretical  grounds  to  be  a  fact ;  so  that  I  may  be  allowed  to  add  a 
few  remarks  on  this  point  here,  referring  to  the  above-named 
articles  for  more  detail.  The  idea  that  static  electricity  is  a  "  reso- 
nance "  of  the  aether  (confirmed  experimentally  since  by  the  dis- 
coveri(!S  of  Prof.  Hertz)  is  speculatively  advanced  in  these  articles, 
and  it  was  mentioned  in  a  work,  '  Physics  of  the  Ether '  (E.  and 
E.  N.  Spon,  London),  published  by  me  in  1875.  I  cannot  do 
better  than  quote  the  passage,  as  it  bears  on  the  present  case  ; 
viz. : — 

"It  is  evident  that  friction  or  any  molecular  disturbance  what- 
ever W'Ould  naturally  throw  the  aether  within  a  mass  of  matter  into 
vibration.  The  stationary  vibration  of  a  mass  of  aether  has  its 
analogy  in  the  stationary  vibration — '  resonance ' — of  a  mass  of  air, 
produced  by  friction  &c.  The  change  of  'static'  electricity  into 
'  di/iiamlc'  electricity,  or  the  ^static'  state  into  the  ^ch/namic^ 
state,  and  conversely,  is  sim])ly  the  change  of  stationary  vibrations 
into  pruiiressive  vibrations,  the  one  being  necessarily  always  capable 
of  producing  the  other  ('Physics  of  the  Ether,'  p.  133). 

As  we  may  sometimes  arrive  at  initiatory  ideas  of  the  modus 
operandi  of  plienomena,  which  may  usefully  aid  towards  their  final 
solution,  no  further  excuse  is  probably  needed  for  the  considera- 
tions which  follow. 

The  spark  or  lightning-flash  will  be  found  at  least,  I  believe,  to 
consist  in  the  breaking,  through  loss  of  equilibrium,  of  a  "reso- 
nance "  column  of  a^her  (w  hich  vibi'ated  radially  about  a  central 
rarefied*  axis,  and  partly  longitudinally),  the  loss  of  eqiulibriuui 
being  followed  by  the  resolution  of  stationary  waves  into  progres- 
sive waves,  ^^ith  the  movement  of  these  waves  radially  (in  the 
main)  from  all  sides  towards  a  central  or  axial  line,  where  they 
rebound  with  explosive  effect.  In  this  May  energy  is  drawn  from 
a  wide  radial  extent  or  volume  of  the  ivthcr  and  concentrated  sud- 
denly on  a  single  line  (the  axis),  which  ])i'oduces  a  violent  conden- 
sation of  the  a'ther  along  this  line,  instantly  followed  by  an 
explosive  rebound,  as  the  a'tlier  recovers  its  equilibrium,  with  the 
velocity  of  light.  If  the  trunk  of  a  tree,  for  example,  hapjiens  to 
be  situ.ited  in  this  aether  rarefaction  (wliere  the  ''attraction"  is  a 
maximum  just  before  the  Hash  is  observed),  then,  since  the  a-ther 
is  known  to  penetrate  the  substance  of  the  tree  freely,  it  becomes 
clear  enough,  as  a  mechanical  fact,  tltat  on  such  a  violent  conden- 

*  The  rarefied  axis  constitutes  a  point  of  stability  to  vibrate  about, 
just  as  tli<^  rnrefaction  in  n  ci>hnnn  of  air  (in  a  pi}io)  open  at  both  ends 
coustitutes  a  point  of  stability  for  the  resonaiu-f  of  tlie  air-coluiuu. 
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sation  of  the  aether  occurring  inside  the  trunk  of  the  tree  and 
exploding  (laterally  all  round)  outwards  with  the  velocity  of  light, 
the  trunk  is  shivered  into  fibres.  In  fact  this  is  the  exact  effect 
that  might  be  expected  from  the  above  conditions.  The  jother  may 
of  course  in  its  normal  state  exercise  very  great  pressure  (many 
tons  on  the  square  inch). 

The  passage  from  '  Xature '  describing  the  observation  of  Prof. 
Colladon  may  be  appended  here  ;  viz. : — 

"  The  Professor  contends  that  it  (the  lightning)  falls  in  a  shower, 
not  in  a  particular  flash,  and  that  it  runs  aJomj  branches  of  trees 
until  it  is  all  gathered  in  the  trualc,  which  it  twists  or  tears  open  in 
its  effort  to  reach  the  ground.  In  the  instance  in  question,  the 
trunk  of  the  cherry-tree  is  as  completely  shivered  as  if  it  had  been 
exploded  by  a  charge  of  dynamite  "  (p.  204). 

The  italicised  passage  tends  to  show  a  radial  *  (wave)  movement 
of  matter  from  all  sides  simultaneously,  or  is  consistent  therewith. 
It  seems  to  be  popularly  suposed  that  the  movement  of  matter  is 
propulsively  along  the  line  of  flash  (not  sideways  or  radially  towards 
where  the  flash  shows  itself)  ;  this  is  why,  no  doubt,  according  to 
the  popular  motion,  it  becomes  utterly  impossible  to  form  a 
mechanical  idea  as  to  how  such  destructive  effects  are  produced  by 
lightning. 

The  above  suggestion  makes  no  pretention  to  exactness  or  pre- 
cision as  to  the  modus  operandi  of  a  lightning  discharge.  There 
are  reasons,  however,  for  believing  that  the  idea  is  true  on  certain 
broad  or  fundamental  points  (on  account  of  its  apparent  mechanical 
fitness);  and  the  idea  may  invite  others  to  reflect  on  the  subject, 
which  can  conduce  to  progress. 

As  regards  the  "  attraction  "  produced  by  vibration,  the  phe- 
nomenon of  "resonance"  &c.,  the  writer  may  mention  briefly 
some  experiments  made  by  himself  some  seven  years  ago.  The 
object  was  to  augment  the  effects  of  attraction  b}^  trying  the 
influence  of  larger  vibrating  bodies  than  had  hitherto  been  done. 
For  this  purpose,  tuning-forks  weighing  some  four  to  five  pounds 
each  were  taken.  AVhen  such  a  fork  was  thrown  into  Wbration 
by  a  blow,  it  was  found  possible  to  suspend  floating  in  the 
air  below  the  prong,  pieces  of  cardboard,  upwards  of  4  inches 
long,  J  inch  wide,  and  about  ^^  inch  thick.  This  therefore  being 
so  distinct  and  palpable  an  instance  of  attraction  by  vibration  or 
resonance,  may  have  interest  especially  in  reference  to  the  recent 
experimental  confirmation  of  the  fact  that  static  electricity  (which 
can  "  attract "')  is  also  a  phenomenon  of  "  resonance." 

Ilambiu-g,  Jan.  1891. 

*  Although  the  case  is  not  strictly  parallel,  of  com-se,  a  wave-movement 
of  tlie  aether  sideways  towards  a  line  may  he  seen  in  the  line-focus  of  a 
c\liiidrical  leus. 


44  G  Intelllf/ence  and  Miscellaneous  Articles. 

ELECTRICAL   OHSERVATIONS  OX  THE  HO  HER  .SONNBLICK. 
BY  PROFS.  ELSTER  AND  GEITEL. 

From  the  results  of  a  series  of  experiments  and  of  observations 
on  the  ]loher  Nonnblick  at  a  height  of  10,108  feet  above  the  sea- 
level,  the  authors  draw  the  following  conclusions. 

1.  The  intensity  of  the  most  refrangible  rays  of  the  sun's  spectrum 
as  measured  by  its  discharging  action  on  negatively  electrified  sur- 
faces of  amalgamated  zinc,  inci-eases  with  the  height  above  level 
ground,  in  such  a  manner  that  at  a  height  of  10,1GS  feet  it  is  twice 
as  great  as  on  ordinary  level  ground. 

2.  Notwithstanding  this  increase  in  the  power  of  discharge  of 
light,  we  did  not  succeed  in  establishing  with  certainty  any  new 
actinometrically  active  substances ;  even  perfectly  pure  freshly 
fallen  snow  as  well  as  dry  rock  taken  from  the  ridge  of  the  Sonn- 
blick  were  not  appreciably  discharged  by  light. 

3.  Waterfalls  can  pi-oduce  negative  falls  of  potential  in  a  valley, 
and  even  to  considerable  heights,  1600  feet. 

It  may  be  presumed  that  this  remarkable  phenomenon  is  not 
]iroduced  by  friction,  but  by  the  influence  of  the  normal  positive 
fall  of  potential  on  the  liner  pulverulent  water  which  detaches  itself 
from  the  large  masses  of  water.  And  it  may  perhaps  be  assumed 
that,  as  in  a  rain-cloud,  the  process  of  self-induction  increases  to 
high  valu'^s  the  originally  feeble  negative  charges  of  a  layer  of  air- 
dust  at  the  foot  of  the  fall. 

4.  In  July  of  this  year  (1890),  on  three  days  which  were  almost 
cloudless  until  1  p.^r.,  the  normal  positive  fall  of  potential  on  the 
top  of  the  Soniiblick  was  appreciably  constant.  The  morning 
maximum,  which  in  the  plain  and  in  Alpine  valleys  occurs  with 
great  regularitv  between  7  a.m.  and  9  A.>r.,  was  not  observed  at  a 
height  of  10,168  feet. 

5.  Before  the  outburst  of  the  storms  w  Inch  we  observed  on  the 
16th,  18th,  and  20th  July,  the  positive  fall  of  potential,  within  the 
cloud  which  sent  o\\\y  a  small  quantity  of  rain,  suidc  slow  ly  dow  n  to 
the  value  zero,  at  which  it  then  remained  for  a  long  time,  perhaps 
two  to  three  hours,  until  the  electrical  process  in  the  cloud 
definitely  came  to  an  end. 

6.  In  storm-clouds  the  atmospheric  electricity  usually  changes 
its  sign  after  a  discharge  of  lightning,  as  with  storms  in  the  plain. 

7.  !St.  Elmo's  fire  was  found  to  constantly  accompany  storms  ; 
it  was  not  found  that  negative  St.  Elmo's  fire  was  more  infrequent 
than  jiosilive. 

8.  The  observation  that  negative  St.  Elmo's  fire  follows  bluish 
lightning,  and  ])osilive,  reddish  lightning,  was  fretiuently  confirmed 
by  us.  The  direction  i\wn  of  the  electrical  current  which  traverses 
the  atmosphere  in  the  form  of  lightning  appears  to  have  an  in- 
tluence  on  the  colour  oi  lightning. —  Wuntr  JJcriclite,  Nov.  1890. 
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ON  THE  ABSORPTION-SrECTRUM,  AND  THE  COLOUR  OF  LIQUID 
OXYGEN.      BY  K.  OLSZEWSKI. 

In  an  earlier  research  the  author  found  four  absorption-bands  in 
the  spectrum  of  liquid  oxygen  corresponding  to  the  wave-lengths 
Q2S,  577,  535,  and  480.  Liveing  and  Dowar  (Phil.  Mag.  [5] 
vol.  xxvi.  p.  286),  who  observed  the  absorption-spectrum  of  gaseous 
oxygen  in  a  long  steel  tube  under  high  pressure,  found  the  same 
four  absorptions  in  tlie  visible  part  of  the  spectrum,  and  moreover 
in  the  extreme  red  the  bands  corresponding  to  the  Fraunhofer 
lines  A  and  B,  which  have  also  been  obser\ed  by  Egeroff  and 
Janssen.  An  apparatus  recently  constructed  by  the  author  for 
liquiifying  a  large  quantity  of  oxygen  enabled  him  to  repeat  his 
former  experiments,  and  to  examine  more  closely  the  absorp- 
tion-spectrum of  a  thicker  layer  of  liquid  oxygen  in  the  extreme 
red. 

The  liquid  oxygen  was  poured  from  the  generating  vessel  into  a 
thin  glass  tube  closed  at  the  bottom,  which  as  a  protection  against 
external  warmth  was  closely  fitted  in  a  set  of  three  beakers.  The 
thickness  of  the  column  of  oxygen  was  30  millim.,  and  its  height 
about  50  millim.  The  liquid  oxj'gen  maintained  itself  for  half  an 
hour  under  the  pressure  of  the  atmosphere,  and  at  its  boiling- 
point  (  — 181°'4)  in  a  sufficient  quantity  for  making  the  experiment, 
although  a  considerable  quantity  of  heat  was  imparted  to  it, 
especially  by  the  limelight  concentrated  by  a  condensing  lens,  \Ahich 
the  author  used  for  preparing  the  absorption-spectrum.  A  uni- 
versal spectroscope  by  Kriiss,  with  a  E,utherford"s  prism,  was  used 
for  investigating  the  absorption-spectrum.  Besides  the  four 
absorptions  already  observed  the  experiments  gave  a  fifth  shadowy 
band,  corresponding  to  the  Fraunhofer  line  A,  which  was  especially 
distinct  when  a  red  glass  was  interposed  between  the  source  of 
light  and  the  slit  of  the  spectroscope.  This  band  appeared  feebler 
than  the  three  absorptions  corresponding  to  the  wave-lengths  628, 
577,  and  480,  but  stronger  than  the  absorption  535.  With  this 
comparatively  small  dispersion  the  band  A  could  not,  of  course,  be 
resolved  into  lines.  An  absorption  corresponding  to  Fraunhofer's 
hue  B  could  not  also  this  time  be  observed. 

Liquid  oxygen  has  been  described  as  a  colourless  body  on  the 
basis  of  the  experiments  made  in  18^3,  in  which  only  small 
quantities  could  be  obtained.  Since  then  the  author  has  observed 
that  whencn'er  oxygen  was  liquefied  in  rather  wide  glass  tubes,  it 
showed  in  incident  light  in  layers  of  about  15  millim.  a  bluish 
colour.  In  the  experiments  described  above,  in  which  for  the  first 
time  a  relatively  large  quantity  of  liquid  oxygen  was  collected  in  a 
glass  vessel,  its  bright  blue  colour  was  decidedly  apparent.  In 
order  to  be  certain  that  the  oxygen  prepared  from  chlorate  of 
potassium  and  manganese  did  not  contain  traces  of  ozone  from  which 
the  colour  might  arise,  it  was  carefully  tested  in  tliis  direction. 
Iodide  of  potassium  and  starch-paper  was  not  coloured  when  kept 
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in  the  oxygen  tested.  Even  when  the  gas  was  passed  for  some 
time  through  a  solution  ot"  iodide  of  potassium  and  starch  no  blue 
colour  was  perceived.  The  oxygen  used  for  the  experiment  re- 
niain(^d  for  a  week  in  the  iron  reservoir  into  which  it  was  pumped 
ill  contact  with  solid  potassic  hydrate,  bv  which  it  was  completely 
freed  from  CO.,,  from  chlorine,  and  from  aqueous  vapour. 

From  tlie.se  expi^rimeiits  there  can  be  no  dou1)t  that  oxygen  in 
the  liquid  condition,  and  in  layers  of  about  '30  niillim.,  has  a  de- 
cidedly bright  blu(!  colour.  This  colour  of  oxygen  agrees  very  well 
with  its  absorption-spectrum.  It  was  surprising  that  a  colourless 
liquid,  such  as  oxygen  was  supposed  to  be,  had  such  a  pronounced 
absor|)tion-spectrum,  in  which  the  absorptions  predominate  in 
orange,  in  yellow,  and  in  red.  But  this  apparent  contradiction 
has  been  r(;moved  by  the  above  experiments  of  the  author. 

One  word  in  conclusion  as  to  the  colour  of  the  sky.  There  are, 
as  it  is  known,  so  many  hypotheses  which  attempt  to  explain  this 
that  the  author  scarcely  dares  to  propound  another.  But  in  his 
opinion  this  phenomenon  would  be  most  readily  explained  by  as- 
cribing the  blue  colour  of  the  sky  to  this  constituent  of  the  atmo- 
sphere, which  has  a  blue  colour,  at  any  rate  in  the  liquid  state. — 
"Wiedemann's  Annnlen,  xlii,  p.  063. 


ON  A  PECULIAR  CASE  IN  THE  REFRACTION  OF  ORGANIC 
COMPOUNDS.      BY  R.  NASINI  AND  T.  COSTA. 

The  authors  have  found  a  compound  formed  by  the  simple  union 
of  two  others,  which,  instead  of  having  a  molecular  refraction 
double  the  sum  of  those  of  tlie  components,  has  a  far  greater  one. 
Tliis  compound  is  the  iodide  of  triethylsulphine,  the  components 
being  iodide  and  sulphide  of  ethyl.  The  constants  are  for  the 
con)])ound  V,  and  for  the  mixture  of  both,  G,  5*0S5  gr.  of  each 
dissolved  in  100  cubic  centim. 
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LVII.  On  the  Role  of  the  Cation  in  Voltaic  Combinations ; 
particularly  those  containing  Chlorides  of  Iodine  and  Bro- 
mine.    By  J.  Brown  "^. 

1.  O  0  long  ago  as  1851  Sir  William  Thomson,  in  referring 
O  to  "  galvanic  arrangements  adapted  to  allow  tlie  [che- 
mical] combinations  to  take  place  without  any  evolution  of 
heat  in  their  own  localities,"  defined  "  the  intensity  of  an 
electrochemical  apparatus  "  as  "  equal  to  the  mechanical  equi- 
valent of  as  much  of  the  chemical  action  as  goes  on  with  a 
current  of  unit  strength  during  a  nnit  of  time^^f.  It  has, 
however,  been  repeatedly  shown  that  the  practical  application 
of  this  guarded  definition  is  in  many  cases  very  difficult, 
mainly  because  of  uncertainty  as  to  the  proportion  of  the 
total  chemical  action  contributing  to  the  current  as  distinct 
from  other  work  ;  an  uncertainty  arising  from  want  of  know- 
ledge on  the  following  and  other  points  : — 

The  exact  nature  of  the  surface  of  solids  employed  in  the 
cell — as  when  metals  are  coated  with  fihus  of  oxide,  car- 
bonate or  with  gas-fihns. 
Possible  action  of  the  solvent  on  the  metals — as  distinct 

from  the  dissolved  electrolysable  substance. 
Effect  of  minute  quantities  of  impurities  occurring  in  what 
is  considered  "  pure ''  material  ;  such  as  the  effect  of  a 
minute  quantity  of  chlorine  on  the  force  of  a  platinum- 
distilled-water-magnesium  cell  observed  by  Gore  %. 
Degree  of  change  of  physical  state  and  energy  absorbed 
thereby. 

•  Communicated  by  the  Secretaries  of  tlie  Electrolysis  Committeo  of 
the  ]?riti.«h  Association 
t  Pliil.  Mag.  ii.  p.  4:54.  |  Proc.  Roy,  Soc.  xUv.  p.  301. 

Fhil.  May.  S.  5.  Vol.  81.  No.  Vd'd.  June  1891.        2  K 


450  Mr.  J.  Brown  on  the  Role  of 

Thermochemical  data  for  some  of  the  reactions  involved,  and 
some  doubt  as  to  exactness  of  those  available  and  degree 
of  their  applicability  to  the  circumstances. 

Amount  of  some  possible  thermoelectric  force  at  contacts 
of  solids  and  liquids. 

2.  It  does  not  therefore  seem  snrprising  that  Wright  and 
Thompson  should  be  led  to  conclude  from  their  extensive 
series  of  experiments  that  the  electromotive  force  stands  in  no 
simple  relationship  to  the  chemical  action  or  the  heat  evolu- 
tion taking  place  in  the  cell  during  the  passage  of  the  current 
or  to  the  heats  of  formation  of  the  two  substances  electrolysed  *. 

It  would  have  been  perhaps  more  correct  to  say  chemical 
action  assumed  to  take  place,  and  to  conclude  that,  whether 
the  relationship  be  simple  or  not,  the  chemical  action  is 
certainly  not  simple. 

Laurie  has  shown f  that  in  the  case  of  an  aluminium  plate 
we  have  not  to  deal  with  the  metal  at  the  surface  but  partly 
at  least  with  its  oxide.  The  case  of  "  passive  "  iron  is  also  to 
the  point. 

3.  Notwithstanding  all  this,  however,  there  is,  in  any  given 
cell,  evidently  a  certain  relationship  (more  or  less  masked  by 
the  conditions  of  the  case)  between  the  electromotive  force 
and  the  relative  chemical  attractions  of  the  positive  and  nega- 
tive plates  for  the  anion  of  the  electrolyte — these  attractions 
being  measured  by  the  combining  heats  of  the  attracting 
substances.  In  this  connexion  Lodge  thus  replies  to  the 
question.  Why  is  the  force  of  a  zinc-iron  battery  less  than 
that  of  a  zinc-copper  or  zinc-platinum  ?  : — 

"  If  we  picture  to  ourselves  the  actual  forces  in  action  we  shall 
get  a  kind  of  answer  indicated  to  us.  In  a  zinc-iron  cell  the 
E.M.F.  is  due  to  the  zinc  pulling  at  oxygen  harder  than  the 
iron  does;  but,  since  the  iron  does  pull  too,  with  no  incon- 
siderable strength,  the  balance  of  force  is  not  so  great  as  if 
the  iron  were  replaced  by  copper,  which  pulls  less,  or  by 
platinum,  which  barely  pulls  at  all  until  it  is  coated  and 
alloyetl  with  hydrogen.  This  answer  cannot  be  considered  as 
complete. . . ."  %  Then  follows  a  discussion  of  some  of  the 
interfering  conditions. 

We  note  here  that  the  electromotive  force  of  the  cell  is 
decreased  by  a  mere  attraction  of  the  copper  for  the  anion 

*  rhil.  Maf?.  [51  xix.  p.  208. 

t  rhil.  Mug.  [5]  xxii.  p.  213.  Compare  also  Ilerroun.  riiil.  Mag.  [51 
xxvii.  p.  20!>;  and  Jiraun,  Czapski,  Jalin,  and  othoi-fi  in  itctMit  numbers  of 
Wied.  Aiui.^  Avho  refer  to  points,  however,  rather  beyond  tlie  scope  of  the 
present  iiajier,  whiih  treats  nuiinly  a  more  elementary  view  of  the  que-'^tion. 

X  rhil.  Mag.  [oj  xix.  p.  344. 
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(oxygen)  and  not  by  any  actual  continuous  combination  of 
these  substances*. 

4.  The  above  quotation  from  Lodge  calls  to  mind  a  passage 
in  Sprague's  '  Electricity/  p.  334,  where  he  speaks  of  "  the 
struggle  between  the  two  metals  for  the  possession  of  the 
sulphuric  radical.''' 

Sprague  evidently  pictures  the   molecules   of    HgSO^   as 
arranged   in    polarized    molecular   chains    by    the    superior 
attraction  of  the  zinc  for  the  SO4  radical, 
Zinc  SO4H2   SO4H2,  &c. 

In  much  the  same  way  Faraday  pictured  the  molecular 
arrangement  "  along  the  axis  of  power  superinduced  by  the 
current""  in  a  decomposing  electrolyte f--  In  thinking  of  the 
action  in  the  cell  I  provisionally  picture  the  process  in  a 
similar  way,  and  regard  the  degree  or  intensity  of  this  mole- 
cular polarization  as  having  in  some  way  a  relationship  to 
the  electromotive  force.  The  transformation  of  chemical 
potential  energy  into  current  seems  always  a  concomitant  of 
a  two-endedness  in  one  of  the  acting  bodies — the  electrolyte. 
There  is  of  course  the  familiar  hypothesis  which  explains 
everything,  simply  by  saying  that  the  anion  has  a  negative 
and  the  cation  a  positive  charge ;  but  I  am  inclined  to  think 
this  says  too  much,  and,  to  use  an  expression  of  Professor 
G.  F.  Fitzgerald's,  makes  '^  what  is  known  to  be  comphcated 
appear  unreally  simple '^  |. 

5.  On  either  view,  however,  any  chemical  attraction  of  the 
negative  plate  for  the  cation  would  increase  the  electromotive 
force,  of  the  cell.  It  appears  to  do  so  where  the  negative 
plate  consists  of  a  high  oxide  like  Mn02  or  PbOg.  In  what 
follows  an  attempt  is  made  to  throw  some  light  in  the  first 
place  on  the  question — 

Under  xoliat  conditions  does  a  chemical  attraction  hetioeen  the 
negative  plate  ami  cation  influence  the  electromotive  force  of  the 
cell? 

6.  It  follows  also  from  the  hypothesis,  §  4,  that  any  possible 
attraction  of  the  positive  plate  for  the  cation  might  also  have 
an  effect  on  the  electromotive  force  ;  but  this  point  has  not,  so 
far  as  I  know,  been  as  yet  considered,  doubtless  because  in  the 

*  After  this  paper  had  been  sent  in,  Dr.  Lodge  kindly  referred  me  to 
memoirs  by  Bosscha  (Pogg.  Ann.  ciii.  p.  •'317)  and  others,  and  notably  a 
paper  by  Sir  William  Thomson  (Math,  and  Phys.  Papers,  i.  p.  o03),  from 
which  it  would  appear  that  in  certain  cells  the  affinity  of  the  negative 
plate  for  the  anion  of  the  electrolyte  is  connected  with  a  local  conversion 
of  available  chemical  energy  into  heat,  thus  reducing  the  E.M.F. 

This  is  in  agreement  -with  what  has  been  said  regarding  the  dependence 
of  E.M.F.  on  the  relative  attractions  of  tlie  two  plates  for  the  anion. 

t  Exp.  Res.  i.  p.  149,  and  plate  iv.  tigs,  bli,  54. 

X  B.  A.  Report  18!)0,  Discussion  on  Theory  of  Solution,  p,  19. 
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cells  hitherto  examined  no  such  attraction  has  existed,  since 
the  cation  was  either  hydrogen  or  a  metal  with  no  affinity  for 
the  positive  plate  employed.  It  was  therefore  proposed  in  the 
second  place  to  take  up  the  question — 

In  what  toay,  if  any,  does  a  chemical  attraction  between  tlie 
jyositive  plate  and  the  cation  influence  the  electromotive  force  of 
the  cell  ? 

7.  To  experiment  on  these  questions  it  was  proposed  to  re- 
place the  hydrogen  cation  hy  some  substance  ha\'ing  an  appre- 
ciable combining  heat  with  both  positive  and  negative  plates. 
Iodine  and  bromine  in  comljination  with  chlorine  suggested 
themselves.  The  former  was  first  tried,  and  one  form  of  cell 
produced  would  then  be  represented  in  the  diagram  (fig.  1), 
where  the  relative  attractions  between  the  substances  con- 
cerned (as  measured  by  their  combining  heats)  are  indicated 
roughly  by  the  number  of  the  lines  between  each  pair.  The 
numerical  values  of  the  combining  heats  (including  heat  of 
aqueous  solution)  are  also  marked,  that  for  copper  and  iodine 
as  cuprous  iodide,  since  the  cupric  salt  is  unknown  in  the  free 
state.  Fijr.  1. 


Zinc. 


Copper. 


8.  Iodine  monochloride,  ICl,  a  heavy  dark  liquid  giving  off 
irritating  fumes,  was  obtained  from  Hopkin  and  Williams, 
Hatton  Garden,  who  stated  it  to  be  fairly  pure.  It  conducts 
the  current  very  well,  as  shown  by  the  following  experiment. 
Two  platinum  wires  were  sealed  side  by  side  into  a  tube  so 
that  their  ends  ])rojected  from  its  end  at  about  half  a  centi- 
metre apart.  When  connected  in  circuit  with  two  Fuller 
cells  and  a  galvanometer  they  were  immersed  (with  jn-ecautions 
as  to  cleanliness)  alteruately  in  the  chloride  and  in  a  10-j)er- 
cent.  solution  of  sulphuric  acid.  Tbe  iodine  chloride  con- 
ducted considerably  better  than  the  dilute  acid. 

9.  With  zinc  and  platinum  plates  the  chloride  acted  as  an 
electrolyte,  forming  a  cell  with  an  electromotive  force  on  oj)en 
circuit  of  about  1^  Daniell,  and  giviug  a  current  when  the 
circuit  was  closed.  The  zinc,  however,  became  coateil  with 
a  solid  black  dejiosit  (jirobably  iodine)  and  a  higher  electro- 
jnotive  force  was  given  by  the  chloride  in  solution. 

10.  When  iodine  monochloride  is  added  to  water  the  fol- 
lowing reaction  takes  place*: — 

20Kn  +  oIU)  =  laOs  +  lOHCl  ICl  +  4L. 

*  Schutzeubeiger,  Coniptes  liendus,  Ixxxiv.  p.  38U. 
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The  rcsultinfT  solution  therefore  contains  iodic  acid  and  the 
double  chloride  of  hydrogen  and  iodine,  which  is  stable  in 
water.  If,  however,  the  iodine  chloride  contains  in  addition 
to  the  mono-  a  higher  chloride,  and  there  is  sufficient  chlorine 
present  to  form  the  double  chloride  HCl .  ICl,  no  iodine  is  pre- 
cipitated and  only  iodic  acid  and  the  double  chloride  are  formed. 
The  first  portion  of  iodine  chloride  I  obtained,  and  from  which 
the  aqueous  solutions  were  made,  was  probably  of  this  kind. 
The  makers  (Irish)  stated  that  it  probably  contained  ICI3.  It 
Avas  in  red-brown  crystals,  and  left  only  a  slight  yellowish 
residue  on  dissolving  in  water.  Its  solution  Avill  be  referred 
to  for  convenience  as  iodine-chloride  solution,  see  §  15. 

11.  When  electrolysed  between  platinum  poles  it  deposited 
iodine  at  the  cathode,  sometimes  in  long  filaments,  and  gas 
at  the  anode.  When  a  gradually  increasing  E.M.F.  was 
applied  to  the  platinum  poles,  it  was  found  that  the  ratio  of 
the  electrolysing  current  to  the  applied  E.M.F.  began  to 
increase  very  rapidly  at  about  '12  D.,  'wliich  corresponds 
nearly  with  the  ratio  of  the  combining  heat  I,  CI  to  the  heat 
equivalent  of  the  Daniell,  and  indicates  the  beginning  of 
regular  decomposition  of  that  compound.  The  small  current 
at  lower  E.M.F.s  may  readily  be  connected  with  the  electro- 
lysis of  impurities  in  the  solution  or  the  action  of  dissolved 
oxygen.  The  ratio  of  the  current  to  the  applied  E.M.F.  is 
considerably  greater  after  '2D.  till  "25  D.,  where  the  experiment 
ended.     The  corresponding  curve  is  shown  in  fig.  3,  p.  458. 

On  testing  the  secondary  E.M.F.  of  this  arrangement,  it 
was  found  that  immediately  on  removing  the  applied  E.M.F. 
the  electrometer  deflexion  decreased  (rapidly  at  first)  to  a 
point  of  moderate  permanence  which  varied  with  the  pre- 
viously applied  E.M.F.  and  current  that  had  passed.  It 
indicated  a  secondary  E.M.F.  which  (as  would  be  expected 
from  the  low  combining  heat  I,  CI)  was  small  and  did  not  in 
any  case  exceed  '2  D. 

When  an  intermediate  tapping  pole  was  used  to  test  the 
secondary  E.M.F.  at  the  anode  and  cathode  separately,  it  was 
found  that  the  principal  and  more  permanent  effect  was  at  the 
anode  (from  the  chlorine  probably),  whereas  that  at  the 
cathode  was  only  from  "1  to  '2  of  the  whole  and  more 
evanescent.  This  might  a  priori  be  expected,  since  iodine  is 
not  a  conductor  nor  very  soluble  in  the  liquid,  nor  is  it  likely 
to  alloy  with  the  platinum  by  occlusion  like  hydrogen,  but 
sim])ly  forms  a  loose  deposit  not  well  adapted  to  take  any 
further  i)art  in  electrolytic  action. 

12.  A  strij)  of  zinc  immersed  in  the  saturated  solution  was 
scarcely  attacked  at  first,  but  merely  caused  a  slight  whitish 
deposit  (?  iodate  of  zinc,  compare  §  25).     Afterwards  iodine 
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precipitated  on  it.  Zinc  immersed  in  the  dilute  solution 
innncdiately  received  :i  brown  deposit  of  iodine — the  zinc  no 
doul)t  combining  with  tlie  chlorine.  Some  gas  also,  no  doubt 
hydrogen,  was  evolved  at  the  zinc,  especially  in  a  moderately 
dilute  solution,  where  the  action  was  more  rapid.  That  the 
zinc  in  this  case  should  not  combine  with  all  the  iodine  nascent 
at  its  surface  is  remarkable.  Does  it  suggest  a  polarization  of 
the  KJl  molecules  in  which  the  chlorine  end  is  attracted  and 
the  iodine  end  turned  outwards?  After  a  time  the  iodine 
deposited  in  long  thin  threads.  These  grew  down  from  the 
under  surface  of  the  zinc  with  considerable  rapidity,  giving  a 
curiously  animated  appearance  to  the  process. 

13.  Tlie  following  modification  of  this  experiment  is  also 
interesting.  When  dilute  iodine-chloride  solution  was  care- 
fully poured  on  to  strong  zinc-chloride  solution,  there  was 
formed  at  the  dividing  line  a  narrow  well-defined  brown  band 
which.looked  like  deposited  iodine. 

I  wished  to  try  if  the  immersion  of  metallic  zinc  in  the 
zinc-chloride  solution  would  increase  this,  and  arranged  the 
solutions  in  the  ojtposite  limbs  of  a  V-tube,  suspending  a 
piece  of  sheet  zinc  in  the  zinc  chloride.  The  iodine-chloride 
solution  mixed  rather  quickly  with  the  zinc  chloride.  In  one 
case,  in  a  flat  V-shaped  cell,  whose  limbs  were  6  centim.  long, 
I  observed  that  it  did  so  by  eddying  in  long  striae  down,  round 
the  bend  of  the  tube,  and  up  on  the  other  side.  The  com- 
paratively rapid  motion  of  these  stria?  first  down  and  then  up 
through  the  zinc  chloride  was  very  strikin";.  I  do  not  find 
a  ready  explanation  of  it. 

In  about  an  hour  the  zinc-chloride  solution  had  taken  a 
uniform  brown  tint,  and  then  a  black  cloud  with  a  curiously 
sharply  defined  lower  edge  formed  at  the  bend  of  the  tube 
about  2  centim.  from  the  lower  end  of  the  zinc.  Under  the 
microsco])e  this  was  seen  to  consist  of  miniite  acicular  double- 
pointed  black  crystals,  probably  iodine.  It  is  remarkable  that 
although  the  zinc  in  this  form  of  experiment  is  enveloped  by 
the  brown  solution,  almost  none  of  the  iodine  crystals  are  de- 
posited on  it  as  in  the  case  of  §  12  ;  but  in  about  a  week  or 
two  there  are  deposited  on  the  glass,  usually  at  some  distance 
from  the  zinc,  very  pretty  crystals  of  iodine. 

In  one  case  where  a  rather  dilute  iodine-chloride  solution 
had  been  used,  after  eight  weeks  a  very  fine  group  of  pointed 
crystals  one  or  two  centim.  long  (a  kintl  of  iodine  tree)  formed 
in  the  limb  of  the  tube  opposite  to  that  containing  the  zinc. 
These  formed  in  a  beautiful  brown-crimson  solution,  consisting 
jirobably  of  iodine  dissolved  in  zinc-iodiiie  solution. 

In  this  |iarticular  form  of  exixM-iment  the  action  takes  place 
slowly.     The  zinc  st>ems  to  combine  cliicflv  with  the  chlorine. 
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Fig.  2.— Iodine  crystals  formed  in  experiment  §  13.     From  pLotomicro- 
graplis,  and  magnified  about  25  diameters. 
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but  also  to  some  extent  with  tlie  iodine,  the  solution  of  zinc 
iodide  so  formed  dissolvino;  some  reduced  iodine  to  form  the 
])rowii-crimson  solution  frcijuently  accompunyin^j;  the  action. 
It  is  possible  the  deposition  of  the  iodine  crystals,  almost  in- 
variably at  a  distance  from  the  zinc,  points  to  the  existence  of 
a  polarized  molecular  chain  like  that  fif^ured  by  Faraday  as 
connected  with  electrolytic  action  and  referred  to  before,  §  4. 

14.  When  the  zinc  was  connected  to  a  strip  of  platinum, 
also  di[)})inf);  in  the  iodinif-chloride  sohition,  the  iodine  de- 
])Osited  partly  on  the  platiniun  and  a  cell  was  formed  as  at  2, 
Tal)le  I. 

For  obvious  reasons  this  cell  differs  from  those  in  which 
hydrogen  as  cation  is  evolved  in  the  free  state  in  that  it  re- 
covers its  original  electromotive  force  almost  immediately 
after  temporary  short-circuiting.     Compare  §  11. 

15.  From  the  observations  (§§  10, 11, 12)  and  from  thermo- 
chemical  considerations  Ave  may,  I  think,  conclude  that,  of  the 
compounds  present  in  the  dilute  solution,  ICl  is  the  chief,  if 
not  the  only,  one  primarily  concerned  in  the  electrolysis,  and 
the  one  on  which  the  character  of  the  cell  depends. 

1(3.  The  electromotive  force  of  cells  containino;  ICl  in  this 
solution  and  otherwise  are  given  in  Table  I.  The  forms 
of  cell  tested  contained  one,  two,  or  three  electrolytes  in 
series  between  the  positive  and  negative  plates.  The  affix 
"  Aq  ■"  signifies  an  aqueous  solution.  This  was  in  all  cases 
saturated,  or  nearly  so,  except  those  in  column  4,  and  also 
No.  2,  Table  I.  The  liquids  were  contained  in  a  V-tube  of  the 
ordinary  kind  if  their  rcs})ective  specific  gravities  admitted  of 
this  arrang(MiU'nt.  If  not,  an  invei'ted  Y-tube  (A)  was  used 
with  an  opening  at  its  apex.  The  metals  in  wires  or  strips  (not 
specially  pure)  were  fixed  in  corks  in  its  ends.  The  electro- 
motive force  was  estimated  by  comparison  of  the  deflexions 
produced  in  a  Thomson  Quadrant  Electrometer  by  the  experi- 
mental cell  and  by  a  standard  Danit'll  (])ure  cop[)er  in  saturated 
co])per-sulj)liate  solution  and  pure  zinc  in  dilute  solution  of 
zinc  sulphate),  which  would,  according  to  Dr.  C.  R.  Alder 
Wright's  calculation*,  have  a  force  "of  about  1*13  volt. 
Where  several  values  for  one  cell  are  given,  each  is  the  result 
of  a  separate  and  distinct  experiment. 

17.  Bromine  c/ilorule,  JjrCl,  gives  oft'  exceedingly  irri- 
tating fumes,  and  is  therefore  very  difficult  to  work  with. 
]\Iost  of  the  experiments  were  made  with  a  j)urchased  sample, 
which  was  of  a  reddish-brown  colour.  As  it  is  rather  im- 
stable,  in  order  to  check  the  first  results  a  fresh  quantity  was 
subseipiently  made  by  passing  dried  chlorine  through  bronn'ne 

*  riiil.  Mft'-.  [5]  xiii.  p.  '28i. 
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in  a  U-tul)o  in  ice  and  Ijrine.  After  the  liquid  had  increased 
considerably  in  volume,  and  absorption  of  chlorine  appeared 
to  have  ceased,  a  |)art  was  transferred  to  a  dried  stoppered 
bottle  in  ice  and  brine,  and  the  rest  mixed  with  distilled 
water  to  form  the  saturated  solution.  The  results  obtained 
with  this  freshly-made  chloride  were  quite  similar  to  those 
with  the  purchased  substance,  except  that  the  latter  left  an 
undissolved  residue  when  added  to  water,  apparently  bro- 
mine, 

18.  Dry  bromine  chloride  does  not  conduct  the  current. 
This  is  remarkable,  considering  its  great  likeness  to  the  corre- 
sponding iodine  compound.  Two  platinum  wires  sealed  in 
separate  glass  tubes  were  connected  up  in  circuit  with  a  very 
sensitive  refiectino'-n'alvanometer,  and  cells  givino;  an  elec- 
tromotive  force  of  5  volts.  On  immersing  the  projecting 
ends  of  the  wires  in  the  chloride  (either  the  purchased  sub- 
stance or  that  freshly  prepared  and  kept  in  the  freezing-mix- 
ture) I  could  not,  with  certainty,  detect  the  smallest  de- 
flexion. If  the  wires  were  allowed  to  touch  the  glass  sides  or 
bottom  of  the  bottle  under  the  liquid,  there  was  a  deflexion  of 
several  centimetres  on  the  scale.  I  beheve  this  was  probably 
due  to  the  formation  on  the  glass  surface  of  a  conducting 
film  of  hydrated  chloride  from  moisture  on  the  glass.  The 
effect  was  less  if  the  glass  vessel  had  been  very  carefully  dried 
just  before.  A  solution  of  bromine  chloride  in  benzol  is  also 
nonconducting,  and  the  same  etfect  occurs  on  touching  the 
glass  with  the  wires. 

19.  When  dry,  bromine  chloride  was  arranged  as  the  elec- 
trolyte of  a  voltaic  combination  with  zinc  and  platinum  plates  ; 
there  is,  as  would  be  expected,  no  current  observable,  and 
when  these  metals  were  carefully  insulatt^l  with  paraffin  and 
kept  from  touching  the  glass  under  the  li(iuid,  there  was  only 
a  comparatively  small  and  irregular  deflexion  produced  in 
the  electrometer. 

20.  Bromine  chloride,  when  added  to  water,  forms  a  hy- 
drated chloride,  and  when  the  aqueous  solution  was  electro- 
lysed between  platinum  poles,  gas  was  given  off"  from  both 
anode  and  cathode,  and  the  liquid  lost  its  colour.  The  })ositivo 
pole  tarnished  very  soon,  but  neither  smell  nor  colour  of  free 
chlorine  or  bromine  was  detected.  Probabh'  hydrochloric  and 
hydrobromic  acids  were  formed.  A  positive  pole  of  carbon  rod 
partially  disintegrated,  and  the  negative  platinum  blackened 
after  some  time.  When  a  gradually  increasing  E.M.F.  Avas  ap- 
plied to  the  platinum  poles  immersed  in  the  aqueous  solution, 
the  ratio  of  current  to  applied  E.M.F.  became  sensibly  constant 
at  about  '01  D.  The  heat  of  combination  13r,  01  is  •012  of  the 
heat-equivalent  of  the  action  in  the  Daniell.     The  curve  BrOl 
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(f];<.  3)  is  from  this  experiment.  The  scale  is  too  small  to 
show  the  part  of  the  curve  before  decomposition  of  BrCl  may 
be  assumed  to  bef^in. 

The  secondary  E.M.F.  of  this  arrangement  is,  as  might  be 
exjKicted,  still  smaller  than  that  for  ICl.  In  the  course  of 
the  experiment  none  was  detected  with  up  to  as  much  as  '1  D. 
applied  E.M.F.,  and  the  highest  secondary  E.M.F.  observed 
was  under  '05  D.  after  an  aj)plied  E.M.F.  of  2^  Daniells. 


DamoU. 

Fig.  3. — Electrolysis  of  Aqueous  Solutions  of  Hydrogen-Iodine  Chloride, 
Bromine  Chloride,  and  Hydrochloric  Acid.  Abscissae  correspond  to 
electromotive  force  in  parts  of  a  Dauiell ;  ordiiiates  to  current  as 
measured  by  deflexions  of  a  retlecting-p-alvanometer  (the  larger  values 
are  about  T)  per  cent,  too  large  on  this  iu.-*trument). 

The  hydrochloric-acid  curve  is  fen*  a  dilute  solution,  and  is  given 
for  comparison  with  the  others.  Regular  electrolysis  begins  a  little 
under  1  1).  The  secondary  E.M.F.  was,  of  course,  much  greater 
than  in  the  other  cases.  For  BrCl  the  sensitiveness  of  the  galva- 
nometer was  less  than  for  the  othei"S,  giving  a  more  horizontal  line. 

21.  When  a  zinc-platinum  couple  was  immersed  in  the 
aqueous  solution  gas  was  evolved  from  both  metals,  and  the 
liquid  gradually  became  colourless  without  the  appearance  of 
any  bromine. 

In  testing  the  electromotive  force  of  combinations  of  this 
electrolyte  with  various  metals  &c.,  the  same  apparatus  and 
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method  were  employed  as  M'ith  iodine  chloride.  The  results 
are  given  in  Table  II.  The  BrCl  aqueous  solution  was 
saturated  and  all  the  others  were  strong  solutions. 

22.  A  number  of  tentative  experiments  were  made  with 
chlorides  of  sulphur  and  phos[)horus  &c.,  in  attempts  to  con- 
stitute cells  in  which  the  chlorine  nnght  combine  with  a 
positive  plate  of  zinc  or  other  metal,  and  the  sulphur  or  phos- 
])horus  be  oxidized  by  an  appropriate  oxidizing  cathode. 
The  following  substances  were  tried  between  zinc  and  plati- 
num plates  or  zinc  and  manganese  dioxide.  They  are  all, 
however,  almost,  if  not  quite,  nonconductors,  and  it  was 
therefore  impracticable  to  measure  definitely  their  electro- 
motive forces.  They  appeared  to  be  all  considerably  under  2 
Dauiells. 

Sulphur  chloride,  S2CI2. 

Same  dissolved  in  carbon  bisulphide. 

Same  after  passing  dried  chlorine  into  it  until  it  assumed 
the  red-brown  colour  of  SCI2. 

Double  chloride  of  tin  and  sulphur,  SnCl42SCi4. 

Phosphorus  trichloride,  PCI3. 

Same  dissolved  in  benzol. 

Same  after  passing  hydrochloric-acid  gas  through  it. 

Double  chloride  of  iodine  and  phosphorus,  PlClg,  dis- 
solved in  phos|)horus  trichloride,  PCI3. 

Piiosphorus  iodide,  PI2,  in  carbon  bisulphide,  082- 

23.  In  Tables  I.  and  II.  the  values  under  the  head  of  Theo- 
retical Electromotive  Force  (except  18  and  20)  are  obtained  by 
taking  the  difference  of  the  combining  heats,  in  aqueous  solu- 
tion, of  the  positive  and  negative  plates  with  the  anion  of 
the  electrolyte,  chlorine  (Clg)  subtracting  twice  that  of  iodine 
chloride  (I,  CI),  or  bromine  chloride  (Br,  CI),  and  dividing 
by  the  thermochemical  value  of  the  Daniell  taken  as  50,130. 

If  P  =  positive  plate,  N  =  negative  plate,  A  =  anion,  and 
Creation,  and  using  the  comma-divided  symbols  as  signify- 
ing their  respective  heats  of  formation,  the  theoretical  electro- 
motive force  El  will  be 

^  ^  P,  A-A,  C-A,  N 
^  50,130 

The  heats  of  combination  are,  with  one  exception,  Thom- 
sen's,  taken  iVom  the  tables  in  Muir  and  Wilson's  '  Thermal 
Chemistry.' 

24.  In  comparing  the  observed  and  theoretical  values,  it  is 
to  be  noted  that  in  the  latter  no  account  is  taken  (except  in 
18  and  20)  of  the  combining  heat  of  the  cation  (iodine  or 
bromine)    with    either    positive    or    negative    jdate,    and    the 
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general  approximate  agreement  of  the  two  values  points  to 
this  as  probably  the  correct  method,  notably  in  cases  1,  2,  3,  4, 
5, 14,  15,  17,  19,  21,  24,  and  less  distinctly  in  6, 11, 16,  27,  28. 

In  considering  the  discrepancies  between  the  theoretical 
and  observed  values,  and  the  cases  where  factors  besides  those 
mentioned  above  come  in,  the  following  may  be  noted.  The  heats 
of  solution  of  ICl  and  BrCl  are  not  available.  If  positive,  these 
would  decrease  the  theoretical  values.  As  the  heat  of  com- 
bination for  platinum  chloride  is  not  available,  the  theoretical 
values  where  platinum  forms  the  negative  plate  are  somewhat 
too  high. 

25.  The  observed  forces  of  those  cells  with  negative  plates  of 
iron  and  cadmium,  7  and  8,  are  much  higher  than  the  theo- 
retical. Both  these  metals  coat  themselves  at  first  in  the 
strong  solution  with  a  yellowish-white  deposit,  which  may  act 
as  a  protective  layer  in  the  same  way  as  the  film  of  oxide  on 
"  passive  "  iron  is  believed  to  do.  Professor  Letts  was  kind 
enotigh  to  examine  this  deposit  from  the  iron,  and  found  it 
to  be  iron  iodate.  Zinc  also  in  very  strong  iodine-chloride 
solution  deposits  a  little  light-coloured  powder,  and  both  iron 
and  zinc  are  less  positive  in  strong  than  in  moderately  dilute 
solution,  the  difierences  in  both  cases  being  about  '4  Daniel!. 

In  10,  the  heat  of  oxidation  of  iodine  to  HIO3  probably 
comes  in ;  but  it  seems  difficult  to  estimate  even  approxi- 
mately the  theoretical  value  for  this  cell.  "  Lithanode " 
(said  to  be  chiefly  peroxide  of  lead)  as  negative  plate  instead 
of  platinum  also  increased  the  E.M.F.  of  the  ICl  cell  by  '2  D.  ; 
but  manganese  dioxide  rather  decreased  it,  as  did  also,  to  a 
less  extent,  other  oxidizing  agents,  such  as  platinum  that  had 
been  a  positive  pole  in  dilute  sulphuric  acid,  and  platinum 
immersed  in  nitric  acid. 

In  11,  if  the  heat  of  amalgamation  of  potassium  2(K,  Hgjo) 
(Berthelot)  be  subtracted,  2-44  results,  otherwise  3-8.  The 
true  value  apparently  may  lie  between  these.  A  similar 
consideration  ai)plies  to  27  and  ^I'S. 

In  the  case  of  magnesium,  9,  10,  25,  26,  the  observed 
values  are  considerably  below  the  theoretical.  Wright  and 
Thompson  have  observed  a  similar  discrepancy  in  the  case  of 
magnesium  immersed  in  its  chloride  ^. 

*  Phil.  Mag.  [5]  xix.  p.  210.  Prof.  Ilerroun  suggesta  (Phil.  Mag.  [5] 
xxvii.  p.  211)  that  the  metal  acts  on  the  water  and  coats  itself  with 
hydrogen. 

If  instead  of  the  thermochemioal  value  for  Mg,  CI  we  take  Mg,  O, 
IL.O-  H.,,()  +  H.„  CI,,,  Ihe  theoretieal  K.M.F.  is  reduced  bv  about  1  Daniell 
and  approaches  the  observed  values.  A  similar  explanation  nuiy  perhaps 
apply  in  the  case  of  potassium,  11,  27,  28,  instead  of  that  proposed  above. 
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In  12,  heat  was  evolved  on  addino;  iodine  chloride  to 
benzol.  This,  no  doubt,  reduces  the  available  energy  of  the 
electrolyte. 

26.  Regarding  the  three-fluid  cells  in  Table  II.,  the  solu- 
tions noted  in  the  fourth  column  for  18  and  29  were  used 
with  the  idea  that  they  might  protect  the  negative  plate  from 
contact  with  the  chlorine  compound,  and  substitute  a  bromine 
combination ;  in  the  latter  case,  for  instance,  by  dissolving  the 
bromide,  which  is  insoluble  in  water.  Nos.  19  and  20  are 
for  comparison  with  17  and  18,  when  the  bromine  chloride  is 
omitted. 

Some  other  three-fluid  combinations  were  tried,  but  the 
reaction  in  these  cells  seems  very  complicated  and  needs 
further  investigation.  In  calculating  the  theoretical  values 
for  18  and  20,  however,  the  combining  heat  Cu,  Brg  has  been 
subtracted  instead  of  Cu,  CI2,  which  gives  a  result  nearer  the 
observed  value. 

27.  Thallium  (22,  23,  26)  as  a  negative  plate  was  chosen  as 
the  only  metal  whose  heat  of  combination  with  bromine  is 
greater  than  with  chlorine  ;  that  is,  comparing  the  heat  of  the 
insoluble  bromide  82,590  with  that  of  the  chloride  in  aqueous 
solution  76,960,  the  object  being  to  form  a  cell  where  one 
metal  attracted  the  anion  and  the  other  the  cation,  and  note 
the  effect  on  the  observed  force.  In  this  particular  case  it 
seemed  possible  that  thallium  might  by  attracting  the  bro- 
mine increase  the  force  of  the  cell  in  the  same  way  as  the 
oxygen  of  hypochlorous  acid  in  10  may  be  supposed  to  do  by 
its  combination  with  the  iodine.  The  assumption  that  this 
might  occur  is  doubtless  at  variance  with  the  theory  that 
metals  are  "  electropositive,""  and  therefore  could  not  combine 
with  the  bromine,  which  has  here  the  role  of  an  "  electro- 
positive '^  body.  Still  it  was  thought  worth  while  to  try  the 
experiment,  which  after  all,  however,  is  scarcely  decisive, 
since  thallium  chloride  is  not  very  soluble,  and  has  also  a 
negative  heat  of  solution,  and  therefore  perhaps  the  heat  of 
the  anhydrous  chloride  should  be  taken.  This  being  97,160, 
is  greater  than  that  of  the  bromide  82,590,  and  would  place 
thallium  in  the  same  category  as  the  other  metals. 

The  forces  observed  with  thallium  as  negative  plate  are 
rather  variable,  owing  probably  to  the  difficulty  of  cleaning- 
its  surface  from  oxide.  Probably  the  higher  values  arc 
nearest  the  truth,  in  which  case  22  and  23  would  agree  with 
the  hy])othesis  involved  in  §  '22. 

I  have  to  acknowledge  my  indebtedness  to  Professor 
Everett  for  his  kind  permission  and  encouragement  to  work 
at  the  Physical  Laboratory,  Queen's  College,  Belfast. 
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Summary  of  Principal  Conclusions. 

In  calculatinfT  tlio  theoretical  electromotive  force  of  voltaic 
cells  from  tlicrmocliemical  data  the  chemical  attraction  of  a 
haloid  cation  for  the  positive  plate  (measured  by  its  combining 
heat  with  this)  does  not,  so  far  as  these  experiments  tend  to 
show,  enter  into  the  calculation.  The  cation  behaves  as  if 
inert,  like  hydrogen  or  metals  in  the  commoner  forms  of  cell 
(§§23  to  27). 

Tlie  attraction  of  the  haloid  cation  for  the  negative  plate, 
when  the  latter  is  a  metal  (or  so-called  electropositive  element) 
does  also  not  enter  into  the  calculation,  but  its  attraction  for 
a  so-called  electronegative  element  [e.  g.  oxygen)  may  in 
certain  conditions  influence  the  result  (§§  23  to  27). 

The  chlorides  of  iodine  and  of  bromine  in  aqueous  solutions 
are  decomposed  ])y  small  electromotive  forces,  corresponding 
to  their  small  heats  of  combination,  and  the  secondary  electro- 
motive force  in  these  solutions  is  of  the  same  order  (§§  11, 12). 

The  electromotive  force  of  cells  with  iodine-  or  bromine- 
chloride  solutions  as  electrolytes  is  not  decreased  after  tem- 
porary short-circuiting.  They  do  not  "  polarize  "  like  cells 
containing  hydrogen  chloride. 

Dry  iodine  chloride  is  a  good  conductor  and  electrolyte 
(§§8,9). 

Dry  bromine  chloride,  a  chemically  similar  body,  does  not 
conduct  at  all  (§§  18,19). 

The  chlorides  of  phosphorus  and  sul[)hur  and  several  of 
their  double  salts  are  not  electrolytes  (§  '2.2). 


LVIII.   On  a  Method  of  Determining  the  Velocities  of  Propa- 
gation of  Disturbances  in  Elastic  Media.     By  W.  T.  A. 

Emtage*. 

WHEN  a  disturbance  of  any  sort  is  travelling  through 
an  elastic  medium  so  that  all  parts  of  the  medium, 
after  the  disturbance  has  passed  them,  are  left  at  rest,  and  in 
the  same  relative  positions  as  they  had  before  the  disturbance 
reached  them,  we  may  investigate  the  velocity  of  propagation 
of  the  disturbance  in  a  simple  manner  as  follows. 

First,  consider  the  momentum  generated  in  any  portion  of 
the  u)edium  by  the  entrance  of  the  disturbance  into  it.  This 
will  be  proi)ortional  to  the  velocity  of  pro]Kagation.  Next, 
consider  the  time  integral  of  the  forces  jtroducing  this  mo- 
mentum ;  that  is,  find  the  mean  resulting  force  acting  on  the 
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part  of  the  medium  considered  and  the  time  for  which  it  acts. 
The  force  will  involve  the  particular  elasticity  of  the  medium 
concerned  in  the  disturbance  ;  and  the  time  will  be  inversely 
pi'oportional  to  the  velocity  of  projjagation. 

By  equating  the  momentum  generated  to  the  product  of 
the  force  and  the  time  for  which  it  acts,  we  get  an  equation 
by  which  to  find  the  velocity  of  proj)agation. 

In  the  case  of  the  propagation  of  a  series  of  waves,  they 
may  be  considered  as  a  succession  of  single  disturbances,  and 
the  velocity  of  propagation  will  be  the  same  as  for  a  single 
disturbance. 

Longitudinal  Disturbance. 

Suppose  a  long  cylindrical  uniform  bar  of  cross  section  S. 
Let  a  compression  be  created  in  this  bar  at  one  end,  and  \)vo- 
pagated  along  it  from  left  to  right.  We  may  imagine  the 
passage  of  the  compression  to  take  place  by  supposing  each 
portion  of  the  bar,  as  soon  as  the  compression  reaches  it,  to 
press  forward  on  the  next  adjoining  portion  and  compress  it, 
returning  itself  to  its  natural  condition,  the  whole  of  the  bar 
to  the  left  of  the  compression  being  left  in  its  natural  condition. 

Let  E  be  the  Young's  modulus  of  the  bar,  d  its  density. 
Suppose  a  length  x  to  be  involved  at  each  instant  in  the  com- 
pression, and  let  I  be  the  amount  of  the  compression,  so 
that  each  point  of  the  bar  travels  forward  by  a  distance  I  as 
the  compression  passes  through  it.  Let  V  be  the  velocity 
with  which  the  compression  travels. 

Consider  two  planes  A  and  B  drawn  at  right  angles  to  the 
bar  and  fixed  in  space.  Then  while  the  compression  is  passing 
across  A,  the  mean  pressure  at  A  in  excess  of  that  at  B  is 


E  -  .     And   the  time  taken  for   the   cojn])rcssion  to   pass  A 

X 

Thus  the  momentum  generated  in  the  space  between  A  and 
Bis 

Es.--^;. 

X      V 

But  in  each  second  a  length  V  of  the  bar  is  displaced  for- 
ward   by   a   distance   /.     Thus  we   have   for   the   municntum 
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generated  between  A  and  B,  while  the  compression  is  tra- 
velling between  A  and  B,  the  expression 

Yl^d. 
Equating  these  expressions,  we  get 

~  d 

The  same  amount  of  momentum  is  generated  between  A 
and  B  by  the  passage  of  the  compression  across  B,  thus  leaving 
the  portion  A  B  at  rest. 

In  the  same  way  a  rarefaction  may  be  propagated  by  the 
successive  portions  of  the  l)ar  moving  to  the  left  by  a  dis- 
tance I.  The  momentum  ixenerated  in  A  B  bv  the  passage  of 
the  rarefaction  across  A,  and  destroyed  by  its  passage  across 
B,  is  in  this  case  from  right  to  left. 

It  has  been  shown,  so  far,  that  the  disturbance  is  propa- 

/E 

gated  with  a  mean  velocity  a  /  -j.     But  we  may  show  that 

each  portion  of  it  is  propagated  with  the  same  velocity,  or 
that  it  travels  unchanged  in  form,  by  applying  the  same  con- 
siderations to  any  portion  of  the  disturbance  instead  of  to  the 
whole  of  it. 

Consider  a  portion  of  the  disturbance  of  length  x  to  be 
crossing  the  plane  A  with  velocity  V.  Let  I  be  the  amount 
of  compression  in  this  portion.  I  is  positive  or  negative 
according  as  the  length  a:  is  compressed  or  extended.  The 
passage  of  this  portion  across  A  generates  momentum  in  A  B, 

/      X 
from  left  to  right,  equal  to  ES  .  —  •  -^.     Also  the  quantity  of 

momentum  generated  in  A  B  by  this  passage,  sujiposing  the 
part  of  the  disturbance  in  front  of  .r  to  travel  unchangetl  in 
velocity  and  form,  is  V  /  S  rf. 

Thus,  if  we  suppose  the  entire  disturbance,  of  anv  fortn,  to 

/E 

be  moving  with  uniform  velocity  \/  -j,  the  forces  brought 

into  play  at  each  ])oint  are  just  the  necessary  forces  to  keep 
U|)  the  ])ropagation  unchanged.  With  any  other  velocity  of 
the  disturbance,  or  of  any  part  of  it,  this  would  not  be  the  case. 
This  is  therefore  the  velocity  of  the  disturbance,  and  it  travels 
unchanged  in  form. 

Rej/e.cion  of  Disturbances. — When  a  compression,  moving 
from"  left  to  right,  reaches  the  fr(>e  end  of  a  bar.  the  bar 
l)Ossesses  momentum  from  left  to  right  which  is  not  destroyed. 
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Thus  the  successive  layers  still  move  towards  the  right,  now- 
starting  from  the  free  end.  Thus  the  compression  is  reflected 
as  a  rarefaction.  In  the  same  way  a  rarefaction  is  reflected 
as  a  compression.  This  is  the  case  of  reflexion  without  change 
of  sign. 

When  a  compression  reaches  a  fixed  end,  the  momentum 
of  the  har,  from  left  to  i"ight,  is  more  than  destroyed  at  the 
end,  and  a  compression  is  reflected.  In  the  same  way  a 
rai-cfaction  is  reflected  as  a  rarefaction.  This  is  the  case  of 
reflexion  with  change  of  sign. 

Case  of  Tioo  Media. — Suppose  we  have  two  bars  of  cross- 
section  S  joined  end  to  end,  C  being  the  common  surface. 


Let  El,  di,  Vi  ;  Eg,  d<i,  Yg  denote  the  Young's  modulus,  den- 
sity, and  velocity  of  wave  propngation  in  the  two  media. 
Suppose  a  compression  producing  a  displacement  I  to  the 
rig] it  to  be  propagated  from  left  to  right  in  AC.  Let  this 
produce  a  reflected  disturbance  of  AC,  causing  displacement 
I'  to  the  right.  Then,  since  the  bars  on  both  sides  of  C 
return  to  their  natural  conditions  after  the  passage  of  the 
disturbance,  the  disturbance  transmitted  to  C  B  causes  dis- 
placement l-\-V  to  the  right.  Now  the  momentum  in  the 
space  A  B  is  the  same  just  before  and  just  after  the  disturb- 
ance in  A  C  reaches  C.     Thus  we  have 

S^fZiYi  =  S/'(Z] Yi  +  ^{l  +  l') doV^ ; 
.-.       {l-l')d,Y^={l  +  l')d.2V2. 

Thus  V  will  have  the  same  sign  as  I,  or  there  will  be 
reflexion  without  change  of  sign,  if  diYi  is  >  f^gYg,  or  d^Ei 
is  >d.2l%. 

I'  will  have  the  opjiosite  sign  to  I,  or  there  will  bo  reflexion 
with  change  of  sign,  if  c/jY,  is  <  (ZgYs,  or  d^E^  is  <  d.jE^. 

Transverse  Disturbance. 

Suppose  a  uniform  bar  of  cross-section  S  ;  and  let  M  be  its 
rigidity,  and  d  its  density.  Let  a  transverse  disturbance  be 
sent  along  it  from  left  to  right.  Let  the  disturbance  be  such 
that  each  point  of  the  bar  is  displaced  upwards  by  a  distance 
/  as  the  disturbance  passes  it.     Let  x  be  the  length  involved 

2  L  2 
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at  any  instance  in  the  disturbance.     Let  V  be  the  velocity  of 
propagation  of  the  disturbance. 


Take  two  planes  A  and  B  drawn  across  the  bar. 
Consider  the  momentum  generated  inside  the  space  A  B  by 
the  passage  of  the  disturbance  into  A  B. 

In  the  passage  of  the  disturbance  across  A  the  mean  force 

acting  on  A  B  is  SM— ,  and  is  upwards.     And  the  time  for 

which  ii  acts  is  ~.     Thus  the  momentum  generated  is 

X     V 

Also,  since  a  portion  of  length  V  is  displaced  upwards  by 
a  distance  /  in  one  second,  the  momentum  is 

^Yld. 
Thus  we  get  xr<2—  ^ 

~T 

That  the  disturbance  travels  unchanged  in  form  may  be 
proved  as  in  the  case  of  a  longitudinal  disturbance,  by  show- 

/M 

ing  that  when  the  velocity  of  each  part  is  a  /  -7,  then  the 

forces  called  into  play  at  each  point  are  just  the  necessary 
forces  to  maintain  the  (listurl)ance  unchanged. 

The  case  of  two  media  may  be  investigated  as  before. 

Transverse  Distuj'hance  i)i  Stretclied  String. 

Suppose  we  have  a  string  of  which  m  is  the  mass  per  unit 
length,  stretclied  witli  a  tension  T.  Lot  a  transverse  disturb- 
ance be  sent  along  it  from  loft  to  right.  Let  the  disturbance 
be  such  that  each  point  of  the  string  is  displaced  upwards  by 
a  distance  I.  Lot  x  bo  the  length  of  the  string  involved  at 
any  instant  in  the  disturbance.  Let  V  be  the  velocity  of 
propagation  of  th(>  disturbanoo. 


Take  two  points  A  and  B  on  the  string. 

Consider  the  momentum  generated  between  A  and  B  by 
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the  passage  of  the  disturbance  into  A  B,  which  momentum  is 
in  the  direction  of  I. 

In  the  passage  of  the  disturbance  across  A  the  mean  force 

acting  upwards  is  T .  —     And  the  time  for  which  it  acts  is  ^. 
X  V 

Thus  the  momentum  generated  is 

Again,  we  have  for  the  momentum  generated  the  expression 

m.YL 
Thus  we  get 

T 

"V^=  — • 
in 


LIX.    On  Manganese  Tetrachloride. 
By  H.  M.  Vernon,  Scholar  of  Merton  College,  Oxford*. 

WHEN  manganese  dioxide  is  treated  with  hydrochloric 
acid  it  dissolves  with  formation  of  a  dark-brown 
coloured  liquid.  This  liquid  evolves  chlorine  slowly  at 
ordinary  temperatures,  and  at  higher  temperatures  evolution 
takes  place  much  more  rapidly,  the  solution  soon  becoming 
colourless  and  containing  only  manganous  chloride  and  hydro- 
chloric acid.  Forchammer  showed,  in  1821,  that  when  this 
brown  liquid  is  diluted  with  a  large  quantity  of  water,  the 
solution  remains  clear  for  a  few  seconds  and  then  becomes 
turbid,  a  mixture  of  oxides  of  manganese  being  precipitated. 
He  also  showed  that  a  similar  precipitation  of  oxides  takes 
place  when  solutions  of  manganese  sesquioxide  and  manganoso- 
manganic  oxide,  MuaO^,  in  hydrochloric  acid,  were  diluted 
with  water.  He  did  not,  however,  attempt  to  arrive  at  the 
constitution  of  the  higher  chloride  of  manganese  which  he 
supposed  to  exist  in  these  dark-brown  solutions. 

W.  W.  Fisher  (Chem.  Soc.  Journ.  1878,  p.  409)  endea- 
voured to  show  that  the  dark-brown  liquid  contains  man- 
ganese tetrachloride.  He  did  this  by  delivering  from  a 
burette  known  volumes  of  the  liquid  (1)  into  a  solution  of 
potassium  iodide,  (2)  into  a  large  volume  of  water  or,  pre- 
ferably, dilute  potassium-acetate  solution.  If  the  action  of 
hydrochloric  acid  uj)on  manganese  dioxide  is  considered  to  bo 
represented  by  the  equation 

Mn02  +  4HC1  =   MnCl.i-h2H20, 
♦  Communicated  by  the  Autlior. 
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then  it  is  probable  that  the  reverse  action  of  water  upon 
manganese  tetrachloride  is  represented  by  the  equation 

MnC]4  +  2H20   =   Mn02  +  4HC1, 

while  the  action  of  potassium  iodide  upon  manganese  tetra- 
chloride will  be  represented  by  the  equation 

MnCl4  +  2KI  =  MnCl2  +  l2+2KCl; 

so,  from  the  amount  of  iodine  liberated  from  the  potassium 
iodide,  and  the  amount  of  manganese  dioxide  precipitated, 
the  ratio  in  which  the  manganese  and  availalile  chlorine  exist 
in  the  brown  solution  is  obtained.  This  ratio,  which  from  the 
above  equations  is  required  to  be  1 :  2,  was  found  experi- 
mentally to  be  almost  exactly  1 :  2.  Fisher  showed  that  the 
same  ratio  of  manganese  to  available  chlorine  likewise  held 
good  for  the  solution  of  manganoso-manganic  oxide  in  hydro- 
chloric acid,  the  reaction  taking  place  on  the  solution  of  this 
oxide  in  HCl  being  presumably 

Mn30,  +  8HC1   =   2MnCl2  +  MnCl,  +  4H20; 

and,  arguing  from  analogy,  the  action  of  hydrochloric  acid 
upon  manganese  sesquioxide  would  be 

MngOs  +  GHCl  =   MuCla  +  MnCl^  +  SHsO. 

S.  U.  Pickering  (Chem.  Soc.  Journ.  1879,  p.  654)  repeated 
Fisher's  experiments,  and  in  addition  made  a  number  of 
experiments  of  his  own  upon  the  subject.  He  pointed  out 
that  Fisher's  experiments  only  showed  that  the  solution  con- 
tained a  higher  chloride  of  the  form  Mn  CL  ^„,  and  did  not 
prove  that  this  chloride  was  the  tetrachloride.  He  also 
showed  that  it  cannot  be  argued  that  the  cldoride  Mn2Cl6  is 
not  formed  on  solution  of  the  corresponding  oxide  in  hvdro- 
chloric  acid,  because  the  oxide  precipitated  from  the  solution 
by  water  is  Mn02  and  not  MugOg ;  for  if  it  is  possible  to 
obtain  from  the  sesquioxide  a  chloride  corresponding  to  the 
dioxide,  so  it  is  just  as  possible  that  the  dioxide  should  be 
obtained  from  a  chloride  corresponding  to  the  sesquioxide, 
thus — 

Mn2Cl6  +  2H20   =   MnOs  +  MnCla  +  iHCh 

Pickering  then  endeavours  to  show  that  the  higher  chloride 
formed  by  the  reaction  of  manganese  dioxide  and  hydrochloric 
acid  is  manganes(>  sesquichloride,  and  that  therefore  man- 
ganese tetrachloride  has  no  existence.  His  two  arguments 
for  the  existence  of  manganese  sesquichloride  will  be  discussed 
further  on. 

It  appeared  to  me  that,  although  Pickering  in  his  paper 
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seemed  to  demonstrate  the  existence  of  MngClg,  yet  he  did  not 
clearly  show  that  the  tetrachloride  had  no  existence.  Expe- 
riments were  therefore  made  with  a  view  to  elucidating  this 
question. 

If,  as  Pickering  concludes,  the  action  of  hydrochloric  acid 
upon  manganese  dioxide  is  expressed  by  the  equation 

2Mn02  +  8HCl   =   Mn2Cl6  +  Cl2  +  4H20, 

then  it  is  evident  that,  if  such  really  be  the  case,  when  the 
dioxide  is  dissolved  in  hydrochloric  acid,  half  of  the  total  avail- 
able or  loosely  combined  chlorine  present  ought  to  be  evolved 
very  quickly,  Avhiie  the  other  half  ought  to  come  off  very  much 
more  slowly,  as  manganese  sesquichloride  only  decomposes 
moderately  slowly  at  ordinary  temperatures.  Also  it  would 
follow  that  the  rate  of  evolution  of  the  first  half  of  available 
chlorine  should  be  almost  unaffected  by  the  temperature  at 
which  the  solution  takes  place  ;  whilst,  as  Pickering  has 
clearly  shown  by  his  experiments,  the  rate  of  decomposition 
of  the  higher  chloride  of  manganese,  whatever  it  may  be, 
is  very  much  diminished  by  lowering  the  temperature,  and  is 
correspondingly  increased  by  raising  the  temperature  of  solu- 
tion. In  fact,  the  only  ways  in  which  temperature  would 
affect  the  rate  of  evolution  of  the  first  half  of  the  available 
chlorine  would  be  that  (1)  the  dioxide  would  dissolve  more 
slowly  at  lower  than  at  higher  temperatures,  and  (2)  chlorine 
is  more  soluble  in  hydrochloric  acid  at  lower  temperatures, 
and  hence  less  of  it  would  be  evolved  from  the  solution  even 
if  it  might  exist  in  it  in  the  free  state. 

The  Amount  of  Decomposition  taking  place  in  the 
Dioxide  Solution. 

Experiments  were  therefore  made  to  ascertain : — 

(1)  Whether,  on  solution  of  the  dioxide  in  hydrochloric 

acid,  a  considerable  quantity  of  chlorine  is  imme- 
diately evolved  ;  and  whether,  after  half  the  available 
chlorine  has  been  evolved,  the  rate  of  evolution 
becomes  much  slower. 

(2)  To  what  extent  the  rate  of  evolution  of  the  chlorine  is 

affected  by  lowering  the  temperature. 

The  method  adopted  consisted  in  drawing  a  slow  current  of 
air  through  a  known  quantity  of  the  dioxide  dissolved  in  a 
measured  volume  of  concentrated  hydrochloric  acid,  which 
was  kept  at  a  constant  temperature.  The  air  then  passed 
through  ])otassium-iodide  solution.  The  iodine  thus  liberated 
by   the   chlorine  was    estimated    by  titration    with   standard 
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sodium-tln'osulphate  solution.  It  was  accordingly  first  neces- 
sary to  s(H!  how  far  the  passage  of  a  current  of  air  was  capable 
of  removing  chlorine  dissolved  in  strong  hydrochloric  acid.  In 
th(!  table  b(!lo\v  will  b(3  found  a  series  of  determinations  of  the 
pc^rcentage  of  chlorines  removed  on  that  j)resent  in  the  solution, 
und(!r  var3dng  conditions  as  to  temperature,  degree  of  saturation 
of  the  hydrochloric  acid,  volume  of  air  drawn  through  the 
solution,  and  time  during  which  the  passage  of  the  air  lasted. 
The  air  was  caused  to  take  up  the  same  temperature  as  the 
hydrochloric  acid  through  which  it  was  drawn,  by  allowing  it 
to  first  j)ass  through  a  worm-tube  surrounding  the  flask  con- 
taining the  hydrochloric  acid,  the  whole  aj)[)aratus  ])eing  im- 
mersed in  water  or  a  freezing-mixture,  as  the  case  might  be. 


No. 

of 

Exp. 

Time  of 
passage 
of  Air. 

Volume, 

in  litres, 

of  Air  drawn 

through. 

Temperature. 

Amount  of 

Chlorine  present 

on  the  saturating 

quantity. 

Percentage 

of 
Chlorine 
removed. 

1. 

lU  niin. 

•7 

o 

21 

100 

87-8 

2. 

10     „ 

•7 

21 

47 

77-5 

3. 

10     „ 

•7 

21 

231 

73-8 

4. 

10    „ 

•3 

21 

72-8 

800 

5. 

10    „ 

•2 

-14 

100 

56-8 

6. 

15     „ 

•3 

-14 

2-4 

48-3 

7. 

50    „ 

10 

7 

221 

99-7 

It  will  bo  seen  that  in  a  very  short  time  the  greater  part  of 
the  chlorine  is  removed  from  the  solution  by  the  passage  of 
the  current  of  air,  whether  it  1)0  moderately  fast  or  slow.  In 
th(i  last  experiment,  where  the  current  was  continued  for  a 
longer  time,  the  hydrochloric  acid  was  found  to  contain  only 
the  merest  trace  of  chlorine.  As  in  the  experiments  to  be 
described  below,  the  current  of  air  was  usually  continued  for 
two  hours  or  more,  it  may  be  concluded  that  the  amount  of 
chlorine  removed  from  the  solution  of  manganese  dioxide  in 
liydroehloric  acid  gives  a  very  good  estimate  of  the  amount  of 
chlorine  act  nail  v  set  free. 

J>oth  anhydrous  and  hydrated  manganese  dioxide  were 
used  in  these  experiments.  The  anhytlrous  variety  was  pre- 
pared by  igniting  pure  manganese  nitrate,  washing,  and 
drying  at  100°  C.  It  was  found  to  contain  almost  the  theo- 
retical (|uantity  of  manganese  dioxide  (li*J"2  per  cent.).  The 
hydrated  variety  was  pi-epared  by  dissolving  conunercial 
dioxide  in  hydrochloric  acid,  and  precipitating  by  pouring  the 
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solution  into  water.  The  precipitate  was  collected,  washed, 
and  dried  for  sixteen  hours  at  75°  C.  Its  composition  was  as 
follows  : — 

MnOg     =     90-77  per  cent. 

MnO       =       4-21         „ 

H2O        =       4-80         ., 


99-78 


This  and  other  specimens  of  dioxide  were  analysed  by 
heating  a  weighed  quantity  to  redness  for  about  thirty  minutes 
and  reweiiihino;  on  cooling.  The  amount  of  available  oxygen 
existing  in  the  oxide,,  which  consists  chiefly  of  MugO^,  is  then 
estimated  in  the  usual  way  by  heating  with  hydrochloric  acid 
and  estimating  the  chlorine  evolved.  Separate  values  of  the 
total  manganese  and  of  the  water  present  are  thus  arrived  at. 
The  available  oxygen  in  the  dioxide  is  determined  separately. 

I.  To  a  weighed  quantity  (-3069  grm.)  of  hydrated  Mn02 
in  a  small  flask  were  added  10  cub.  centim.  of  concentrated 
hydrochloric  acid.  The  flask  was  immersed  in  water  at  18°  C. 
In  fifteen  minutes,  when  '4  litre  of  air  had  been  drawn  through, 
14- "2  per  cent,  of  the  available  chlorine  was  removed.  In 
forty-five  minutes  longer  31-7  per  cent,  more  chlorine  was 
removed  ;  or,  in  the  first  hour  45-9  per  cent,  had  been 
removed.  In  this  time  1*5  litre  of  air  had  been  drawn 
through  the  solution.  In  the  next  hour  14*1  per  cent,  more 
chlorine  was  removed,  and  in  the  next  two  hours  lO'o  ])er 
cent.  more.  We  thus  see  that,  while  half  the  available 
chlorine  had  not  been  removed  even  after  an  hour,  yet  that  the 
amount  removed  is  much  greater  in  the  first  hour  than  in  the 
second,  and  this  is  greater  than  in  the  next  two  hours.  The 
reason  of  this  will  be  made  evident  further  on.  It  should  be 
noticed  that,  while  the  amount  of  chlorine  removed  is  much 
smaller  in  the  second  hour  than  in  the  first,  yet  that  in  the 
next  two  hours  it  is  smaller  in  al)out  the  same  proportion;  while 
if  MugCle  and  no  MnC]4  were  formed  in  the  solution,  we  should 
expect  the  last  half  of  the  chlorine  to  come  off  at  a  more  even 
rate  than  it  does  here.  Also  the  first  half  of  the  clilorino 
cannot  be  said  to  have  been  evolved  very  quickly,  as  it  took 
over  an  hour  to  be  removed  from  the  solution. 

II.  To  a  weighed  quantity  (-2819  grm.)  of  hydrated  dioxide 
in  a  small  flask,  surrounded  by  a  freezing-mixture  of  ice  and 
salt,  were  added  10  cub.  centim.  of  hydrochloric  acid  which 
had  previously  been  cooled  to  the  temperature  of  the  freezing- 
mixture,  viz.  — 14°  C.  The  air,  before  bubbling  through  the 
liquid,  was   drawn  through  a  worm-tube  immersed   in  the 
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same  freezing-mixture  as  the  flask.  It  was  found  that,  after 
tlio  passage  of  the  current  of  air  had  been  continued  for  two 
hours,  lli'l  per  cent,  of  tlie  availaljle  chlorine  had  been 
removed.  In  another  experiment,  at  —  C°,  it  was  found  that 
'6'd'^  per  cent,  was  removed  in  two  hours.  Tlie  manganese 
dioxide  did  not  appear  to  be  nearly  so  readily  soluble  in  hydro- 
chloric acid  at  these  low  temperatures  as  it  is  at  ordinar}'  tem- 
peratures ;  for  it  was  found  that  some  of  it  remained  undissolved 
even  at  the  end  of  the  two  hours.  It  was  therefore  necessary 
to  ascertain  how  nmch  of  the  dioxide  had  actually  passed  into 
solution,  as  the  undissolved  dioxide  would  not  enter  into  the 
reaction  at  all.  In  these  experiments  at  low  temperatures, 
therefore,  after  the  passage  of  the  current  of  air  had  been 
stopped,  the  liquid  in  the  flask  was  poured  on  to  a  small 
filter,  the  filtrate  passing  into  potassium-iodide  solution,  while 
the  undissolved  dioxide  remained  beliiud.  As  the  filtering 
only  took  a  few  seconds,  only  a  very  small  quantity  of  chlorine 
would  escape  from  the  solution  and  so  not  be  accounted  for. 

III.  The  amount  of  chlorine  removed  from  a  solution  of 
dioxide  in  hydrochloric  acid  at  —26°  C.  was  then  determined. 
The  flask  and  worm-tube  used  in  the  ])revious  experiments 
were  surrounded  by  a  freezing-mixture  of  crystallized  calcium 
chloride  and  pounded  ice.  'I  he  vessel  containing  this  being 
well  covered  u}),  the  liquid  was  kept  at  a  uniform  temperature 
throughout  the  experiment.  It  was  found  that  in  two  hours 
only  1'8  per  cent,  of  the  available  chlorine  had  been  removed. 
During  this  time  about  2  litres  of  air  were  drawn  through  the 
solution.  In  the  former  experiments  about  2*7  litres  of  air 
were  drawn  through  during  the  two  hours. 

Another  experiment,  at  — 19°  C,  showed  that  12"2  per  cent, 
of  chlorine  was  removed  in  two  hours. 

It  thus  appears  that  the  stability  of  the  dioxide  solution  is 
very  greatly  increased  as  the  temjierature  is  lowered,  and  so 
we  might  ex})cct  that  at  a  still  lower  temperature  it  would  not 
undergo  any  decomposition  whatever.  It  would  not  be  possible 
to  try  the  action  of  hydrochloric  acitl  on  the  dioxide  at  a  much 
lower  temperature  than  —2(i^,  as  hydrochloric  acid  solidifies 
at  — 29°,  though  when  it  contjiins  chlorine  or  manganese 
dioxide  in  solution  it  does  not  solidify  till  below  this  tem- 
p(M-ature. 

It  might  be  thought  ])Ossible  that  the  reason  whv  no 
chlorine  is  evolved  from  the  solution  is  not  that  it  is  not 
actually  set  iree  by  the  reaction  of  the  dioxide  and  hydro- 
chloric acid,  but  that  it  forms  a  solid  hydrate  with  some  of  the 
aqueous  hydrochloric  acid,  and  so  is  not  removed  from  the 
solution  by  the  passage  of  the  air.     That  this  was  not  the  case 
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was  proved  by  passing  chlorine  into  hydrochloric  acid  at 
—  20°  for  some  time,  no  chlorine  hydrate  being  formed. 
Indeed,  it  wns  fomid  that  the  addition  of  even  a  small  quantity 
of  hydrochloric  acid  to  water  containing  chlorine-hvdrate 
crystals  almost  immediately  destroyed  them.  Thus  chlorine 
was  passed  into  10  cub.  centim.  of  water  at  2°,  chlorine 
hydrate  being  very  soon  formed  ;  when,  however,  -5  cub. 
centim.  of  hydrochloric  acid  was  added  to  the  water,  the 
hydrate  rapidly  disappeared.  Again,  when  a  solution  con- 
taining water  and  HCl  in  the  proportion  6  : 1  was  saturated 
with  chlorine  at  — 9°,  the  hydrate  was  formed  ;  this  quickly 
disappeared  when  one  part  more  of  HOI  was  added.  Lastly, 
it  was  found  that,  when  a  mixture  of  water  and  hydrochloric 
acid  in  equal  proportions  was  saturated  with  chlorine  at  —  1 9°, 
no  hydrate  whatever  was  formed. 

It  is  therefore  conclusively  shown  that  when  manganese 
dioxide  dissolves  in  hydrochloric  acid,  manganese  tetrachloride 
and  no  free  chlorine  are  originally  formed,  and  that  the  lower 
the  temperature  the  more  stable  does  this  tetrachloride  solution 
become. 

The  Hate  of  Evolution  of  Chlorine  from  the  Solution. 

It  is  now  necessary  to  ascertain  whether,  on  decomposition 
of  the  tetrachloride  solution,  the  sesquichloride  or  any  other 
intermediate  chloride  is  formed. 

If  an  intermediate  chloride,  as  MnoClg,  is  formed  on  the 
decomposition  of  the  tetrachloride,  we  may  reasonably  expect 
that  this  chloride  should  be  more  stable  than  the  tetrachloride. 
Consequently  when  a  solution  containing  originally  only  tetra- 
chloride decomposes,  we  should  expect  the  first  half  of  the 
chlorine  to  come  off  considerably  faster  than  the  last  half.  At 
ordinary  temperatures  the  decomposition  of  the  solution  is  so 
slow  that  it  would  take  a  day  or  two  before  the  greater  part 
of  the  chlorine  would  be  evolved.  The  variations  in  the  tem- 
perature of  the  atmosphere,  and  also  the  impossibility  of  taking 
a  continuous  series  of  readings  of  the  volume  of  gas  evolved 
during  this  time,  would  render  it  impossible  to  arrive  at  a 
satisfactory  conclusion  as  to  the  rate  of  decomposition  of  the 
solution.  If,  however,  the  temperature  of  the  solution  be 
raised  to  above  30°,  the  rate  of  evolution  becomes  much  more 
rapid,  and  the  greater  part  of  the  chlorine  is  evolved  in  a  few 
hours. 

Small  weighed  (|uantities  (about  '2  grm.)  of  the  dioxide,  in 
both  its  anhydrous  and  liydrated  forms,  were  placed  in  the  bulb 
of  a  V.  Meyer's  vapour-density  apparatus.  This  was  surrounded 
by  an  outer  tube  of  water,  which  was  in  turn  surrounded  bv 
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a  large  vessel  of  water  kept  at  a  constant  temperature  through- 
out the  ex])eriment.  On  the  dioxide  was  poured  a  volume  of 
concentrated  hj'drochloric  acid,  varying  from  5  to  10  cub. 
centim.  in  difierent  experiments.  The  temperature  of  the 
bath  was  varied  in  different  experiments  from  31°*5  to  75". 
Above  this  temperature  the  rate  of  evolution  becomes  so  rapid 
that  it  is  impossible  to  measure  the  volume  of  gas  evolved 
accurately.  The  air  evolved  was  collected  over  water.  The 
volume  of  the  apparatus  was  very  much  larger  than  that 
of  the  chlorine  evolved ;  and  it  was  found  experimentally  that 
scarcely  a  trace  of  chlorine  reached  the  collecting-tube  even 
after  several  hours.  Observations  were  made  at  intervals  of  a 
quarter  or  half  a  minute,  or  at  greater  intervals  when  at  the 
close  of  an  experiment  the  evolution  became  much  slower. 
The  results  obtained  are  represented  diagrammatically  in  the 
illustration.  Here  the  ordinates  represent  the  volume  of  gas 
evolved  in  cub.  centim.,  and  the  abscissae  represent  the  time 
in  minutes.  The  first  curve  represents  the  rate  of  evolution 
at  75°  C.  It  will  be  seen  that  the  gas  is  evolved  very  rapidly, 
more  than  half  of  it  coming  off  in  the  first  minute,  while  all  of 
it  app(?ared  to  have  come  off'  in  half  an  hour. 


iO  50  60 

Time,  in  minutes. 

Tlio  second  curve  gives  the  rate  of  evolution  at  50°'8.  Here 
the  gas  is  not  evolved  so  rapidly  ;  even  after  two  hours  the 
evolution  did  not  appear  to  have  quite  stopped.  The  next 
curve  gives  the  rate  of  evolution  at  31°'5.  For  this  curve 
each  division  of  the  ])aper  represents  forty  minutes  instead  of 
ten  minutes.  It  will  be  noticed  how  very  much  nuire  slowly 
the  gas  is  coming  off"  hero  than  it  did  before.     Thus  it  had 
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not  quite  stopped  even  after  nearly  five  hours.     The  first  two  of 
these  three  curves  show  that  the  gas  is  evolved  quite  regularly 
till  the  last  few  cub.  centim.,  whea  the  rate  of  evolution  becomes 
much  slower.    The  reason  of  this  is  evidently,  that  at  the  points 
where  the  forms  of  the  curves  change,  the  greater  part  of  the 
tetrachloride  present  has  been  decomposed  into  manganous 
chloride    and    chlorine,  and  that  most  of  the  gas  which  is 
evolved  after  this  is  evolved  from  the  hydrochloric  acid  in 
which  it  is  mechanically  dissolved.     Chlorine  was  found  to 
have  about  the  same  degree  of  solubility  in  hydrochloric  acid 
as  in  water ;  at  50°,  therefore,  it  dissolves  '9  vol.  and  at  75° 
•2  vol.  of  chlorine.     At  the  commencement  of  the  evolution  of 
this  "  residual  "  chlorine  the  acid  will  be  considerably  super- 
saturated with  it,  but  the  greater  part  present  will  be  expelled 
from  the  solution  in  the  course  of  an  hour  or  two.     We  may 
therefore  expect  the  volume  of  "  residual  "  gas  to  bear  some 
proportion  to  the  temperature  as  well  as  to  the  volume  of 
hydrochloric  acid  employed.     In  the  experiments  of  the  first 
two    curves,   representing   the    evolution    at   lb°  and   50"^*8, 
5  cub.   centim.  of  hydrochloric  acid   were  used.     We    see, 
however,  that  the  volume  of  residual  gas  is  much  greater  at 
the  lower   temperature   than  at  the  higher,  it  being  about 
10  cub.  centim.  in   one   case  and  only  4  cub.  centim.  in  the 
other.     In    the   curve    representing    the   evolution  at  31°'5, 
8  cub.  centim.   of  hydrochloric  acid   were  used.     Here  the 
rate  of  decomposition  of  the  tetrachloride  is  so  slow  that  it  is 
not  possible,  from  the  form  of  the  curve,  to  tell  where  the 
greater  part  of  it  has  undergone  decomposition  and  where 
residual  gas  begins  to  be  evolved.     They  evidently  overlap 
each  other,  so  as  to  form   one  regular  curve.     Though  the 
form  of  this  curve  is  regular,  it  nevertheless  shows  that  the 
rate  of  decomposition  of  the  tetrachloride  solution  is  much 
slower  at  the  end  than  at  the  beginning  of  the  experiment, 
after  allowing  of  course  for  the  amount  of  tetrachloride  actually 
existing  in  the  solution.     The  reason  of  this  will  be  made 
evident  further  on.     It  will  be  noticed  how  much  more  slowly 
the  chlorine  comes  off  from  the  solution  when  it  is  left  alone 
than  when  a  current  of  air  is  drawn  through  it,  as  in  the 
previous  experiments,  allowance  being  made  for  the  difference 
of  temperature.     Thus  at  18°  it  was  found  that  in  four  hours 
70' 5  per  cent,  of  the  chlorine  was  removed  by  a  current  of  air 
from  the  dioxide  solution,  whilst  here  only  about  ^b  per  cent, 
of  chlorine  was  evolved  from  the  solution  in  four  hours  at 
31°'5.     The  reason  of  this  is  partly  that  a  certain  amount  of 
the  chlorine  remains  dissolved  in  the  solution  without  being 
evolved,  but  it  is  also  probable  that  the  passage  of  the  current 
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of"  air  has  a  certain  amount  of  decomposing  effect  on  the 
solution. 

Other  determinations  of  the  rate  of  evolution  of  chlorine 
were  made  at  temperatures  between  the  extremes  ^iven  above, 
namely,  at  32°,  43°,  48°-2,  57°,  59°,  and  63°.  The  curves 
were  in  all  cases  quite  regular,  until  the  last  few  cub. 
centim.  of  gas  w^ere  being  evolved,  when  their  form  changed 
suddenly  in  the  same  way  as  those  given  above.  It  was 
accordingly  not  thought  necessary  to  represent  them  here. 
In  the  experiment  at  59°,  when  only  3  cub.  centim.  instead 
of  5  cub.  centim.  of  hydrochloric  acid  were  used,  only  about 
3'5  cub.  centim.  of  residual  gas  were  evolved. 

It  is  thus  evident  that  when  the  tetrachloride  solution 
undergoes  decomposition^  no  intermediate  chloride  as  MujClg 
is  formed,  but  it  decomposes  regularly  into  i\InC']2  and  (.'I2. 
If  it  were  possible  that  the  sesquichloride  were  formed  at  one 
temperature,  and  that  it  happened  to  be  just  as  unstable  as 
the  tetrachloride  at  this  particular  temperature,  yet  it  is 
scarcely  possible  that  through  a  range  of  temperature  of  more 
than  forty  degrees,  the  tetrachloride  should  always  decompose 
with  formation  of  an  intermediate  chloride  which  possessed 
just  the  same  degree  of  stability  as  itself. 

The  fourth  curve  in  the  figure  represents  the  rate  of  evolu- 
tion of  chlorine  from  a  specimen  of  manganese  oxide  contain- 
ing 45*33  per  cent.  Mn02  and  10"9  per  cent,  water.  It  there- 
fore consists  chiefly  of  Mn203.  It  will  be  seen  that  the  curve 
representing  the  rate  of  evolution  of  gas  is  regular,  and  similar 
to  the  former  curves.  If,  now,  it  be  supposed  for  the  time 
being  that  the  sesquioxide  on  dissolving  in  hydrochloric  acid 
forms  the  sesquichloride,  it  would  follow  from  the  fact  of  this 
curve  being  regular  that  no  chloride  as  MusClg,  intermediate 
between  MuoCle  and  MnCls,  is  formed  in  its  decomposition. 

The  two  dotted-line  curves  reju-esent  the  rate  of  evolution 
of  chlorine  from  a  solution  of  manganoso-manganic  oxide, 
MusO^,  in  hydrochloric  acid.  This  ]\In.^04  was  ]n-epared  by 
heating  some  of  the  precipitated  dioxide  in  the  blowpipe 
flame  for  a  considerable  time.  The  form  of  these  curves  is 
similar  to  that  of  the  others,  only  that  more  residual  chlorino 
is  evolved.  This  is  duo  to  the  fact  that  more  hydrochloric 
acid  was  added  ;  for  nearly  three  parts  of  this  oxide  have  to 
be  dissolved  to  give  the  same  volume  of  chlorine  as  one  part 
of  the  tlioxide.  Thus  in  the  curve  at  57°,  where  8  cub.  centim. 
of  hydrochloric  acid  were  used,  there  are  about  9  cub.  centim. 
of  residual  gas,  while  in  the  curve  at  48°,  with  7  cub.  centim. 
of  hydrochloric  acitl,  there  are  also  about  9  cub.  centim.,  or 
nearly  half  of  the  total  volume  of  gas  evolved.     It  is  thus  con- 
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clnsively  proved  that  the  change  in  the  form  of  the  curves  is 
due  to  the  evokition  of  this  residual  gas,  and  not  to  the 
decomposition  of  a  more  stable  higher  chloride  of  man- 
ganese. 

These  results,  therefore,  show  that  when  any  of  the  oxides 
of  manganese,  MnOo,  Mn203,  and  MnsO^,  dissolve  in  hydro- 
chloric acid,  the  only  higher  chloride  produced  is  manganese 
tetrachloride.  The  equations  for  the  solution  of  manganese 
sesquioxide  and  manganoso-maaganic  oxide  in  hydrochloric 
acid  must  therefore  be  : — 

MnA  +  GHOl  =  MnC^  +  MnCIa  +  SH^O. 
MnaO^  +  SHCl  =  MnCl4  +  2MnCl2  +  4H20. 

Discussion  of  the  Results  obtained  hy  Pickering. 

It  is  now  necessary  to  see  if  it  is  possible  to  reconcile  these 
results  with  those  obtained  by  Pickering. 

The  first  of  his  two  arguments  for  the  existence  of  man- 
ganese sesquichlorido  and  the  non-existence  of  the  tetra- 
chloride, is,  that  if  the  chloride  formed  by  the  solution  of  the 
dioxide  in  hydrochloric  acid  is  MnC^,  then  it  can  make  no 
difference  to  the  amount  of  this  chloride  obtained  whether  the 
solution  be  performed  in  pure  hydrochloric  acid,  or  in  acid 
containing  a  quantity  of  manganous  chloride  ;  whereas,  if  the 
chloride  be  Mn2Cl6,  then  by  performing  the  solution  of  the 
dioxide  in  the  presence  of  a  sufficient  quantity  of  manganous 
chloride  we  might  succeed  in  converting  the  whole  of  the 
oxide,  together  with  some  of  the  dichloride  added,  into  the 
higher  chloride  ;  so  that  on  decomposing  it  with  water,  we 
should  get  as  much  dioxide  precipitated  as  was  dissolved, 
thus : — 

Mn02  +  4HCl  +  MnClo  =  Mn2Cle  +  2H20, 

Mn2Cl6  +  2H2d  =  Mn02  +  MnCl2  +  4HCl. 

Otherwise,  if  no  dichloride  were  added  to  the  acid,  we  should 
not  be  able  to  obtain  in  the  precipitate  more  than  half  of  the 
dioxide  dissolved,  thus  : — 

2MnOo  +  8HCl  =  MnsCle-f  4H20  +  C]o, 
MngClg  +  ^HsO  =  Mu02+MnCl2  +  4HCl. 

Accordingly,  Pickering  made  a  series  of  experiments  in 
which  given  weights  of  the  dioxide  were  dissolved  in  hydro- 
chloric acid  in  the  presence  of  varied  })roportions  of  man- 
ganese dichloride,  and  the  solutions  thus  formed  precipitated 
with  water,  and  the  dioxide  in  the  precipitate  estimated.  Ho 
found   that  when   no  manganese  chloride  was  added,  45  per 
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cent,  of  the  original  Mn02  was  recovered.  When  one  mole- 
cule of  MnCL  was  added,  80  per  cent,  of  Mn02  ^^''is  recovered; 
and  with  six  molecules  of  Mn(Jl2,  95"5  per  cent,  was  recovered. 
When  the  results  of  ten  determinations  with  proportions  of 
manganese  chloride  varying  between  these  limits  were  repre- 
sented diagrammatically,  it  was  found  that  up  to  the  addition 
of  one  molecule  of  MnOl2  the  curve  representing  the  amount 
of  Mn02  recovered  was  a  straight  Kne  ;  after  this  point  the 
form  of  the  curve  changed  suddenly,  the  ratio  of  Mn02  re- 
covered to  molecules  of  MnCl2  added  being  considerably  less 
than  before.  Pickering  considers  this  to  conclusively  show 
that  the  tetrachloride  has  no  existence,  and  also  that  the 
higher  chloride  formed  is  MnaClg. 

On  examination  it  will  be  found  that  this  argument  neither 
proves  the  non-existence  of  the  tetrachloride  nor  the  existence 
of  the  sesquichloride.  Thus,  it  can  be  shown  mathematically 
that  supposing  MnCl2  and  the  solution  of  the  dioxide  in 
hydrochloric  acid  react  as  Pickering  supposes,  the  form  of 
the  curve  up  to  the  addition  of  one  molecule  of  jMnClj  will 
not  be  a  straight  line,  but  will  be  to  a  certain  extent  curved. 
Also,  he  says  that  the  form  of  the  curve  changes  suddenly 
after  one  molecule  of  MnClj  has  been  added.  He  forgets, 
however,  that  there  is  not  one  molecule  of  MnCl2  present,  but 
1"132  molecule,  for  the  specimen  of  dioxide  used  he  showed 
to  contain  85*15  per  cent.  Mn02  and  9*30  per  cent.  MnO  : 
this  MnO,  on  addition  of  hydrochloric  acid,  would  of  course 
form  MnCl2,  and  this  was  not  taken  account  of  when  the  rest 
of  the  MnC'lo  was  adtled.  He  found  that  the  aildition  of  one 
molecule  of  MnCl2  raised  the  amoiuit  of  MnOo  recovered  from 
45  per  cent,  to  80  per  cent.;  the  addition  of  "132  molecule  would 
accordingly  raise  it  4*02  per  cent.  He  found  the  form  of  the 
curve  to  change,  therefore,  after  a  point  where  80  per  cent, 
of  the  dioxide  was  recovered,  while  acconling  to  his  argument 
it  should  have  been  after  75'3C)  per  cent,  was  recovered.  Also 
he  would  only  have  recovered  40'36  ])er  cent,  of  the  original 
Mn02,  if  pure  dioxide  had  been  used.  These  discrejtancies 
may  be  due  to  the  conditions  of  solution  and  precipitation  of 
the  dioxide  not  being  kept  quite  the  same  for  diti'erent  expe- 
riments. It  would  seem,  therefore,  that  all  that  this  curve  can 
with  certainty  be  taken  to  show  is,  that  the  amount  of  jMuOj 
recovered  is  increased  by  the  addition  of  ]\InClo  to  the  solution, 
the  amount  of  this  increase  being  in  proportion  less  and  less 
with  each  addition  of  MnCls-  This  does  not,  however,  show 
that  when  the  dioxide  dissolves  in  hydrochloric  acid,  the  sesqui- 
chloride and  free  chlorine  are  formed  ;  it  onlv  shows  that 
manganese  tetrachloride  is  more   stable   in   the  })reseuco  of 
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inanganous  chloride,  just  us,  in  an  analogous  case,  Wurtz 
showed  that  phosphorus  pentachloride  dissociated  to  a  very 
much  slighter  extent  when  volatilized  in  vapour  of  [)hosphorus 
trichloride  than  when  volatilized  alone.  In  the  case  of  the 
solution  of  manganese  dioxide  in  hydi'ochloric  acid,  we  have 
unstahle  molecules  of  the  tetrachloride  continually  dissociating 
into  manganous  chloride  and  two  atoms  of  chlorine,  and  the 
molecules  of  manganous  chloride  thus  formed  continually,  but 
to  a  smaller  extent,  uniting  with  the  atoms  of  chlorine  present, 
to  form  the  tetrachloride  again.  If,  therefore,  a  large  excess 
of  Mn(  'I2  is  present,  it  is  obvious  that  much  less  of  the  chlorine 
formed  by  the  decomposition  of  the  tetrachloride  will  escape 
recom})osition  with  ^InClg  molecules,  and  so  less  chlorine  will 
be  evolved  from  the  solution.  Also  it  is  evident  that  the 
addition  of  the  first  molecule  of  MnCl2  wdll  cause  a  greater 
increase  in  the  amount  recovered  than  the  addition  of  the 
second  and  other  molecules,  but  at  the  same  time  a  curve 
expressing  the  amount  recovered  for  each  addition  of  MnClg 
would  not  change  its  form  suddenly  after  the  addition  of  the 
first  molecule. 

We  thus  arrive  at  an  explanation  as  to  why  the  amount  of 
chlorine  removed  from  a  solution  of  the  dioxide  in  hydro- 
chloi'ic  acid  was  considerably  greater  in  the  first  hour  than  in 
the  second,  and  this  was  greater  than  in  the  next  two  hours. 
It  is  because  that,  as  the  original  MnCl^  begins  to  be  decom- 
])Osed,  a  corresponding  quantity  of  MnCL  is  formed.  There- 
fore, the  more  MnCl^  decomposed,  the  more  MnCl2  is  formed, 
and  so  the  more  stable  becomes  the  remnant  of  MnCl4  still 
left  undecomposed.  The  same  explanation  also  ap})lies  to  the 
curve  for  the  rate  of  evolution  of  chlorine  from  the  dioxide 
solution  at  ol°*;). 

It  might  be  concluded  that  if  the  dioxide  be  allowed  to 
dissolve  in  hydrochloric  acid  saturated  with  chlorine,  less  de- 
composition would,  for  a  similar  reason,  take  place,  and  there- 
fore more  dioxide  would  be  recovered.  In  ])ractice,  it  was 
found  that  the  amount  of  jMnOg  recovered  was  raised  scarcely 
at  all  by  this  means.  This  is  prol)ably  due  to  the  fact  that 
Mn(  U.j  is  unable  to  recombine  with  molecules  of  chlorine  to 
form  the  tetrachloride,  but  only  with  nascent  chlorine  set  free 
by  other  decompositions  of  MnCl,  molecules. 

It  was  found  experimentally  that  hydrochloric  acid  con- 
taining MnClo  in  solution  did  not  dissolve  any  more  chlorine 
even  at  —32°  than  hydrochloric  acid  alone,  and  also  the 
solution  was  not  darkened  in  colour.  No  higher  chloride 
could  therefore  have  been  formed.  It  is  scarcely  possible  to 
try  the  action  of  nascent  chlorine  upon  manganous  chloride 
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except  in  the  tetrachloride  solution;  but  a.s  the  nearest  approach 
to  this,  tho  action  of  chlorine  <i,ns  upon  it  ^vhen  mixed  with 
cobalt  sesquichloride  in  a  hydrochloric  acid  solution,  was  tried, 
and  also  the  action  of  lead  tetrachloride  in  the  acid  solution. 
No  darkening  in  the  colour  of  the  solution  took  place,  how- 
ever. 

Pickering^s  second  argument  for  the  existence  of  man- 
ganese sesquichloride  is  as  follows  : — "  Seeing  that  a  rise  in 
temperature  materially  decreases  the  stability  of  the  higher 
chloride,  whilst  a  reduction  of  temperature  increases  its 
stahility,  then,  by  performing  the  solution  of  the  dioxide  at  a 
sufficiently  low  temperature,  there  could  be  no  reason  why  all 
of  it  should  not  be  converted  into  the  higher  chloride,  if  this 
higher  chloride  is  Mn(  'I4,  and  should  be  subsequently  precipi- 
tated entirely  as  dioxide.  If,  however,  the  higher  chloride 
formed  were  Mn2Cl6,  it  would  only  be  possible  to  obtain  50 
per  cent,  of  the  dioxide  used."  A  series  of  experiments  was 
therefore  made,  similar  in  every  respect,  excej)t  that  the  tem- 
perature of  solution  of  the  dioxide  was  varied.  It  was  found 
that  when  the  solution  was  performed  at  10°,  45"5  per  cent,  of 
the  Mn02  was  recovered.  This  amount  was  only  increased  to 
47  per  cent,  when  performed  at  —20°.  Above  10°  the  per- 
centage recovered  began  to  decrease  more  rapidly,  till  at  61° 
only  i)  per  cent,  was  recovered.  That  is  to  say,  if  pure  dioxide 
had  been  used,  only  at  the  most  42*3()  per  cent,  instead  of 
45*5  per  cent,  of  the  original  dioxide  used  would  have  been 
recovered. 

Ex])eriments  were  therefore  made  to  see  if  it  were  not 
possible  to  recover  more  than  this  percentage  when  pure 
dioxide  was  used,  or  a  correspondingly  larger  ])ercentage  when 
dioxide  containing  some  MiiO  was  used.  In  these  experi- 
ments a  weighed  quantity  of  the  dioxide  was  shaken  about 
with  a  measured  volume  of  concentrated  hytlrochloric  acid  in 
a  flask  sin-rounded  by  a  vessel  of  Avater  to  keep  the  tempera- 
ture constant.  Five  n)inutes  Mas  generally  allowed  for  solu- 
tion. The  liquid  was  then  poured  into  a  large  quantity  of 
water,  generally  about  fifty  times  the  volume  of  the  acid  used, 
and  the  preci[)itateil  oxide  collected,  washetl,  ami  heated  with 
hydrochloric  acid,  the  chlorine  evolved  being  estimated  in  the 
usual  way  by  jjassing  it  into  ])otassinin  iodide  solution.  As  it 
was  thought  possible  that  not  all  the  dioxiile  would  be  dissolveil 
in  the  hydrochloric  acid,  but  would  lemain  suspended  mecha- 
nically in  the  solution,  and  so  give  a  too  high  result  for  the 
dioxide  recoverecl,  it  was  in  several  cases  placed  on  a  small 
iilter,  and  hydrochloric  acid  allowed  to  drip  on  it  slowly,  the 
tiitrate   passing  into  a  vessel  of  water,  and  l)eing  so  precipi- 
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tated.  The  trace  of  tetrachloride  remaiuin^  on  the  hltei -paper 
was  estimated  separately  and  allowed  for.  By  this  method  at 
5°  and  —9°,  from  a  specimen  of  dioxide  containing  4*2  per 
cent.  MnO,  54*2  per  cent,  and  53*8  per  (;ent.  were  recovered. 
With  a  specimen  of  dioxide  containing  72*1  per  cent.  Mn02 
and  12'5  per  cent.  MnO,  55'77  per  cent.  Mn02  was  recovered 
at  18°.  At  —20°  this  would  correspond  to  the  recovery  of 
ahout  58*77  per  cent.  When  some  of  this  dioxide  was  shaken 
in  a  flask  with  hydrochloric  acid  and  then  poured  into  water, 
5G*49  per  cent,  was  recovered  ;  with  hydrochloric  acid  satu- 
rated with  chlorine,  56'54  per  cent,  was  recovered,  the  tem- 
perature of  solution  being  in  both  cases  18°.  The  reason  of 
this  slight  increase  lies  probably  in  the  fact  that  when  hydro- 
chloric acid  is  dropped  slowly  on  to  the  dioxide  on  a  filter- 
paper,  the  energy  of  the  chemical  action  raises  the  tempera- 
ture several  deijrees,  and  so  more  of  the  tetrachloride  formed 
IS  decomposed. 

With  a  specimen  of  dioxide  containing  79"5o  per  cent. 
MnOo  and  10 '5  per  cent.  MnO,  55'5  per  cent,  was  recovered 
at  13°.  With  a  specimen  containing  45*33  per  cent.  MnOg 
and  43*76  per  cent.  MnO,  and  consisting  therefore  mostly  of 
Mn203,  74*5  per  cent.  MnOg  was  recovered,  whilst  with  some 
Mn304,  85*43  jier  cent,  was  recovered.  These  last  two  expe- 
riments confirm  Pickering's  conclusions  that  the  amount  of 
dioxide  recovered  is  largely  increased  if  molecules  of  MnlJlg 
be  present  in  the  solution. 

It  is  thus  seen  that,  instead  of  the  amount  of  dioxide  re- 
covered being  always  slightly  below  fifty  per  cent.,  it  is 
always  slightly  above  it,  if  the  solution  be  performed  at 
ordinary  temperatures.  At  the  same  time  it  is  remarkable 
that  it  is  not  possible  to  recover  by  any  means,  except  the 
introduction  of  MnClo  into  the  solution,  a  much  larger  pro- 
portion of  dioxide  than  fifty  per  cent.  The  same  explanation 
as  was  given  before  for  this  result,  only  more  extended, 
may  be  used  here.  In  the  solution  of  manganese  dioxide  in 
hydrochloric  acid  at  all  temperatures,  both  low  and  high,  it 
nmst  be  considered  that  the  molecules  of  MnCls  and  the  atoms 
of  chlorine  are  in  a  continuous  state  of  recomposition  together 
to  form  molecules  of  MnCl4,  and  these  are  continuously  de- 
composing again.  At  no  temperature  will  the  number  of 
molecules  of  MnCl.^,  actually  existing  as  such  in  the  solution, 
be  nmch  oreater  than  half,  unless,  of  course,  additional  mole- 
cules  of  MnC^lo  are  present.  On  precipitation  ot  the  solution 
with  water,  therefore,  only  a  little  more  than  half  the  dioxide 
will  be  recovered,  the  atoms  of  chlorine  present  merely  com- 
bining with  one  another  to  form   molecules,  which  will  dis- 
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solve  ill  the  water.  The  reason  why  the  dioxide  solution 
becomes  much  more  stable  with  lowering  of  temperature  is 
probably  that  the  atoms  of  chlorine  come  the  less  often  into 
the  ])Ositions  necessary  for  them  in  order  that  they  may  unite 
together  to  form  molecules,  although  nearly  as  large  a  number 
of  them  may  exist  in  the  solution  unattached  to  MnCl2  mole- 
cules at  the  lower  as  at  the  higher  temperature. 

Even  if  slightly  less  than  fifty  per  cent,  of  the  dioxide  were 
recovered  on  precipitation,  this  argument  would  still  hold 
good,  and  so  even  in  this  case  no  proof  would  be  afforded  of 
the  existence  of  the  sesquichloride. 

It  has  thus  been  shown  that  neither  of  Pickering's  argu- 
ments can  be  held  to  prove  that  when  manganese  dioxide 
dissolves  in  hydrochloric  acid,  manganese  sesquichloride,  and 
not  manganese  tetrachloride,  is  formed  ;  and  as  it  has  been 
shown  in  the  former  part  of  this  paper  that  there  is  every 
probability  that  in  the  solution  of  the  dioxide  it  is  only  the 
tetrachloride  that  is  formed,  we  mtist  consider  that  such  is  the 
case  until  stronger  arguiuents  than  these  have  been  brought 
forward  to  refute  it. 

Snmmari/. 

The  chief  conclusions  arrived  at  in  this  paper  are  : — 

(1)  That  when  any  of  the  oxides  of  manganese  MnOj, 
MugOa,  and  MusO^,  are  dissolved  in  hydrochloric  acid,  the  only 
higher  chloride  formed  is  maugauese  tetrachloride,  the  equa- 
tions for  these  reactions  being  : — 

MnOa  +4HC1  =  MnCl4  +  2H20; 

MnA  +  GHCl  =  MnCl^+MnCls  +  SHsO; 

MuaC+yllOl  =  MnCl,  +  2MnUl2  +  4H20. 

(2)  That  this  manganese  tetrachloride  solution  is  very 
much  more  stable  at  —26°  C  than  at  onliuary  temperatures, 
it  being  probable  that  at  a  still  lower  temperature  it  would 
undergo  no  decomi)osition  whatever. 

(3)  That  no  evidence  has  yet  been  brought  t'orward  to 
show  that  any  other  higher  chloride  of  manganese  than  the 
tetrachloride  is  capable  of  existence. 

'I'lit'  Uuiversitv  Labonitorv,  ( txford. 
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LX.  An  Outline  of  Mr.  Mellard  Reade's  Theori/  of  the 
Origin  of  Mountain-Ranges  hy  Sedimentary  Loading  and 
Cumidaiive  Recurrent  Expansion:  in  Ansioer  to  Recent 
Criticisms.     By  T.  Mellard  Reade  ■^. 

Introduction. 

IT  is  now  four  years  since  the  '  Origin  of  Mountain-Ranges ' 
was  written,  and  during  that  time  it  has  been  subjected 
to  considerable  c-riticism  hy  many  able  men  in  various  parts 
of  the  Globe.  I  have  purposely  refrained  hitherto  from 
answering  any  of  the  objectors  to  my  theory,  feeling  that  it 
would  be  better  to  wait  and  weigh  them.  It  appears  to  me 
now  that  most  of  the  criticisms  primarily  spring  from  an 
imperfect  realization  of  its  principles,  scope,  and  details. 

The  misconceptions  no  doubt  largely  arise  from  the  complex 
nature  of  the  problems  and  the  difficulty  of  keejjing  the 
various  threads  of  the  argument  unravelled.  Under  these 
circumstances,  I  have  thought  that  the  best  reply  I  can  make 
is  to  restate  in  a  shorter  manner  the  various  salient  points  of 
my  theory.  Probably,  if  I  had  given  the  theory  a  name,  and 
properly  christened  my  bantling  before  sending  it  forth  in 
the  world  to  seek  its  fortunes,  I  might  have  been  saved  from 
paternal  difficulties. 

To  pi-event  further  misconceptions,  I  now  name  my  theory 
the  "  Origin  of  Mountain-Ranges  ])y  Sedimentary  Loading 
and  Cumulative  Recurrent  Expansion.'' 

The  outline  here  given  is  of  the  barest  character,  and  for 
illustrations,  details,  proofs,  and  quantitative  calculations  1 
refer  those  who  want  to  know  more  to  the  work  itself,  as  also 
for  those  portions  which  deal  with  other  theories,  and  are  of  a 
destructive  rather  than  constructive  nature. 

Condition  of  the  Earth's  Interior. 

The  Earth  a  Solid  Spheroid. 

The  latest  mathematical  investigations  go  to  prove  that  the 
Earth,  taken  as  a  whole,  is  solid,  having  a  rigidity  between 
that  of  glass  and  steel.  The  facts  of  physical  geology  are  in 
accord  with  this  view  ;  for  if  the  interior  be  wholly  fluid,  as 
some  few  contend,  or  if  the  nucleus  be  solid  and  the  exterior 
shell  solid  with  a  zone  of  molten  matter  between,  as  others 
assume,  the  explanations  of  the  physical  conformation  of  the 
surface,  its  mountains  and  ocean-basins,  become  questions  of 
flotation  only. 

The  crust  of  the  Earth  would  be  like  a  sheet  of  ice.  This 
*  Commuiiicated  by  the  Author, 
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fact  seems  to  me  never  to  have  been  fully  realized  by  those 
theorists  who  favour  either  of  these  views. 

The  Nucleus  of  the  Earth  jwssesses  a  high  Temperature. 

There  is  such  a  general  consensus  of  opinion  that  the  earth 
at  a  depth  of  from  25  to  30  miles  below  the  surface  is  at  a 
temperature  equal  to  that  of  molten  rock  at  the  surface  that 
it  is  unnecessary  for  me  to  go  over  the  arguments  in  favour 
of  this  widely  prevalent  view.  If  we  assume  that  it  is  so,  a 
very  little  calculation  will  show  that  matter  at  the  depth  of 
say  30  miles  is  subject  to  an  enormous  pressure,  to  which  we 
can  find  no  ])arallel  by  experimental  methods  at  the  surface. 
30  miles  =  158,400  feet ;  so  that  if  we  estimate  that  a  column 
of  the  crust  of  the  earth  one  inch  S(juare  has  a  mean  weight 
per  foot  of  1-5  jjounds.  the  pressure;  at  the  depth  of  30  miles 
will  be  in  round  numbers  not  less  than  100  tons  per  square 
inch,  or  14,400  tons  per  square  foot.  It  has  been  proved  by 
the  experiments  of  the  late  Mr.  Hopkins  that  there  is  in 
certain  solids  a  relation  between  the  melting-point  and  the 
pressure  ;  so  that,  if  the  rock  at  the  depth  of  30  miles  is  at  a 
temperature  sufticient  to  melt  it  under  ordinary  pressures  at 
the  surface,  the  additional  pressure  of  100  tons  per  square 
inch  may  solidify  it  by  raising  its  melting-point,  or  at  least 
render  it  plastic.  If  the  pressure  increase  more  rapidly  than 
the  temperature  as  the  earth  is  penetrated,  what  may  be  only 
semi-solid  at  30  miles  may  become  rigid  at  greater  depths. 

These  points,  from  their  nature,  are  incapable  of  direct 
demonstration,  but  possess  a  high  degree  of  probability. 

Shell  of  Greatest  Mohillty. 
Although  not  accepting  the  hypothesis  that  there  is  a  tluid 
zone  under  the  Earth's  crust,  it  would  follow  from  the  pre- 
otnling  considerations  that  the  shell  occupying  the  space  be- 
tween the  solid  rigid  crust  and  the  compressed  rigid  nucleus 
would  respond  to  changes  of  ])ressure  or  temperature  more 
readily  than  either  the  crust  or  the  nucleus. 

Facts  of  Physical  Geology. 

All  great  }fountain-Ranges  are  composed  of  great  thicknesses  of 
Sedinieiitart/  and  other  Ih'posifs, 
That  all  great  mountain-ranges  are  composed  of  great  thick- 
nesses of  sedimentary  and  volcanic  dejiosits  and  igneous  intru- 
sions is  a  fact  admitting  of  demonstration.  It  is  trueof  tlie  Al])s, 
the  Andes,  the  Himalayas*,  the  Hocky  ^luuntains  or  Xorth- 

•  Mr.  C.  S  ^lidillciinss.  in  liis  oxtoiulcd  c-riticit'ms  on  tbo  '  Oii^n  of 
Moiiutaiii-ltiin'rfs  "  (Memoirs  of  the  (_ieolo>rioal  Survey  of  India,  vol.  xxiv. 
part  '2  ;   I'livsical  <  ieolojiv  of  llie  Sul>IIimalaya  of  (»arhwal  aud  Kumaun), 
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American  Cordillera,  tlie  A])palachians,  the  Mountains  of  the 
(jaiicasus,  and  the  Urals.  The  question  at  once  arises  in  the 
mind,  "  Is  this  cause  and  effect?  "  If  not,  it  is  a  coincidence 
somewhat  in  the  nature  of  a  miracle.  If  any  one  example  to 
the  contrary  could  he  quoted,  the  argument  of  relation  would 
be  weakened,  certainly  not  disposed  of,  but,  so  far  as  present 
knowledge  extends,  not  one  can  be  found. 

Sedimentary  Deposits  out  of  lohich  Mountain-Ranges  have  been 
hi  lilt  up  extend  over  Vast  Areas. 

The  deposits  out  of  which  great  mountain-ranges  have  been 
elaborated  bj-  foldings,  intrusions,  and  upheavals  are  not  eon- 
tined  to  the  ranges  and  their  immediate  neighbourhood,  but 
extend  over  vast  areas.  Speaking  generally,  modern  geo- 
logical investigation  goes  to  prove  that  the  thickest  deposits 
lie,  or  have  lain,  towards  the  axes  of  the  chains,  though  they 
may  have  been  denuded  from  the  actual  axes*.     Beyond  the 


calls  iu  question  this  principle,  though  it  is  admitted  hj  nearly  all  geolo- 
gists since  Dr.  James  Hall  established  the  fact  as  regards  the  Appalachians 
in  18;"37.  (Quoting  mv  words  in  the  '  Origin,'  "  It  is  impossible  to  point  to 
ii  range  of  mountains  Avhich  has  been  built  up  of  old  denuded  rocks,"  he 
completely  misinterprets  my  meaning,  which  I  had  thought  was  plain 
enough  from  the  Avhole  tenor  of  the  work.  To  give  an  illustration  in  the 
form  of  a  prediction,  I  aver  that  no  mountain-range  will  ever  be  built  up 
out  of  any  portion  of  the  present  land-area  of  Europe  unless,  and  until,  a 
basin  of  deposition  has  been  established,  and  a  thick  sedimentary  series 
deposited  thereon.  The  old  rocks  may  then  be  forced  up  along  with  the 
new,  and  form  a  constituent  part  of  such  a  range.  Unfortimately,  as  regards 
the  Himalaya,  information  is  meagre  ;  but  the  granitic  axes  pointed  to  by 
Mr.  -Middlemiss  as  forming  the  highest  peaks  of  the  Himalaya  arc  just 
what  are  required  by  my  theory. 

*  Mr.  Arthur  "Wiuslow,  State  Geologist  of  Missouri,  in  a  paper  just 
published  in  the  '  Bulletin  '  of  the  Geological  Society  of  Amenca,  entitled 
"The  Geotectonic  and  Physiographic  Geology  of  Western  .-Vrkansas "' 
(vol.  ii.  pp.  22~)-2i'2),  has  api)lied  the  principles  enunciated  in  the  'Origin 
of  Mountain-ltanges"  to  the  explanation  of  an  area  in  the  Western  i)art 
of  the  State  tributary  to  the  Arkansas  IJiver,  100  miles  long  in  an  l^ast 
and  \N'est  direction  by  nO  miles  broad  in  a  North  and  South  direction.  It 
is  shown  in  an  admirably  concise  and  clear  manner  that  the  system  of 
parallel  interlocking  anticlines  and  syncliues  having  a  general  axial  direc- 
tion East  and  West  is  essentially  Appalachian  in  character;  that  the 
('arboniferou<  strata  of  which  thev  are  composed  increases  iu  thickness 
from  Missouri  southwards  into  Arkansas;  that  the  lateral  movement  has 
come  from  the  South,  and  that  the  thickest  strata  are  the  most  Hexed. 
Mr.  "Winslow  shows — a  point  that  I  have  strongly  insisted  upon  as  cha- 
racteristic of  anticlines — that  these  geological  features  are  elongated 
canoe-shaped  domes  having  quaquaversal  dips.  He  considers  that  the 
expansion  of  the  lower  layers  of  rock  produced  by  the  risinji-  of  the  iso- 
geotherms  and  their  consequent  protrusion  in  the  form  of  anticlinal  cores 
has  fractured  the  apices  of  the  arches,  and  thus  exposed  the  upper  layers 
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more  folded  and  disturbed  portions  of  the  chain  which  often, 
so  far  as  the  newer  sediments  are  concerned,  lie  on  the  flanks, 
the  strata  take  on  more  gentle  curvatures  until,  as  in  the  case 
of  the  Urals,  the  Appalachians,  and  elsewhere  where  ob- 
servable, they  become  nearly  horizontal,  or  only  have  dips 
due  ])rincipally  to  faulting. 

The  Tertiary  and  Cretaceous  rocks  extend  from  the  Alps 
to  the  Caucasus  and  across  the  Mediterranean  to  the  African 
coast,  and  may  lie  far  beyond,  as  little  is  known  of  the 
geology  of  that  part  of  the  continent.  They  reappear  in  the 
Himalayas,  and  may  be  continuously  connected,  though  this 
has  not  yet  been  j)roved.  The  same  formations  extend  far 
to  the  eastward  of  the  Rocky  Mountains  and  the  Andes,  and 
most  probably  to  the  westward  under  the  Pacific  Ocean. 

The  greatest  ranges  of  the  world  have  been  elaborated  in 
Cretaceous  or  Tertiary  times,  and  the  connexion  between 
sedimentation  and  upheaval  is  here  most  striking. 

Sediments  out  of  lohich  Mountain-Ranges  have  been  elaborated 
loei'e  laid  down  in  J3asins  or  /roughs  formed  hy  the 
bending  of  the  Earth\s  Crust. 

The  thickness  of  the  rocks,  mostly  conformable,  composing 
some  great  mountain-ranges  has  been  estimated  by  competent 
geologists  at  from  8  to  10  miles.  The  l)ulk  of  the  rocks,  a> 
judged  by  their  constitution,  are  usually  considered  by 
geologists  to  largely  indicate  either  a  moderate  depth  of  water 
or  actual  shallow  conditions.  These  rocks  are  intercalated 
with  others  exhibiting  signs  of  a  more  oceanic  origin.  All 
the  mountain-ranges  mentioned  may  be  pointed  to  in  illustration 
of  this  statement.  There  is  thus  evidence  that  regional 
fluctuations  of  level  in  the  Earth's  crust  have  taken  place  on  a 
large  scale  often  succeeded  by,  as  in  the  case  of  the  Coal- 
measures,  continued  downward  sul)sidence  combined  with 
shallow-water  conditions. 

It  is  evident,  from  these  facts,  that  the  grt»at  earth-troughs, 


to  enerp:ctic  deuuclation.  lie  infers  al<o  tliat  the  developed  sections  of 
such  foldiu^s  are  no  measure  of  tlie  oriLriual  horizontal  length  of  the  beds 
— a  principle  I  have  strongly  ui)lu'ld,  and  which  is  being  conceded  by 
most  geologists  who  have  studied  nunintain-structure.  The  district 
seems  to  be  cme  in  which  tiie  first  principles  of  the  dynamics  of  mountain- 
building  can  bi'  well  analysed,  as  there  is  not  such  a  complexity  of  causes 
to  be  considered  and  discounted  as  in  the  more  colosi?al  disturbances  of 
the  great  mountain-ranges  of  the  world.  A  few  careful  studies  of 
mountain  physiography  such  as  this  by  geologists  who  have  th.e  ouuor- 
tunity  and  aii'  equipped  with  the  necessary  physical  knowledge  womd  be 
of  inlinite  service. 
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in  which  these  materials  for  mountain-building  were  accumu- 
lated, were  in  some  cases,  on  the  final  completion  of  sedi- 
mentation, double  the  depth  of  the  deepest  known  oceanic 
troughs,  which  do  not  reach  more  than  5  miles. 

Considering  that  there  is  a  strong  development  of  Cre- 
taceous and  Tertiary  rocks  extending  along  the  western  coast 
of  North  and  South  America,  it  is  seen  that  these  operations 
have  there  been  carried  on  on  an  unusual  scale.  Deposit  and 
alteration  of  level,  elevation  and  subsidence,  but  preponder- 
antly subsidence,  progressed  for  an  innnense  length  of  geo- 
logical time  in  these  areas,  occupying  not  a  mean  portion  of 
the  Earth's  history. 

It  is  not,  however,  to  be  assumed  that  this  was  a  continuous 
trough  at  any  one  time,  rather  that  it  consisted  of  a  series  of 
connected  basins  which  underwent  independent  changes  of 
level,  the  area  being  part  of  the  time  low-lying  land  inter- 
changing with  conditions  of  submergence. 

Volcanic  Action  often  Contemporaneous  unth  the  Laying-dovm 
of  Materials  for  Mountain-Building. 

Contemporaneous  intrusive  sheets  of  volcanic  rock  are  a 
common  occurrence  in  some  part  of  the  sedimentary  history 
of  a  mountain-range.  In  addition,  it  is  frequently  found  that 
volcanic  ashes  laid  down  in  water,  or  subaerially,  have  a 
large  development  in  rocks  composing  mountain-ranges  ;  and 
necessarily,  if  these  occur,  dykes  and  volcanic  rocks  of  the 
same  age  must  exist  in  the  foundation  materials  of  the  ranse. 

Dynamical  Principles. 
Every  theory  which  has  hitherto  been  pro])osed  to  account 
for  the  elevation  of  mountains  and  the  folding  of  the  stratified 
beds  forming  the  Earth's  crust  hinges  finally  on  changes  of  tem- 
perature. Thus  the  tangential  force  generated  in  a  rigid  crust 
of  low  temperature  by  the  cooling  and  shrinking  of  the  Earth's 
nucleus  has  been  invoked  to  account  for  the  crumpling  of  the 
crust  into  mountain-ranges  ;  the  crumpled  skin  of  a  dried 
apple  being  the  stock  illustration.  In  this  case,  the  force 
called  in  is  continuous  contraction  by  loss  of  heat.  The  theory 
which  1  have  elaborated  is  one  dependent  upon  alternations 
of  temperature  in  the  crust,  contraction  and  expansion  both 
being  agents  of  uplift  and  lateral  pressure. 

Basins  of  Deposition  and  Loading  of  the  Earth's  Cncst. 

It  has  already  been  shown  that  the  establishm<>nt  of  basins 
of  deposition  is  the  condition  precedent  to  the   building  of  a 
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mountain-range.  There  can  be  no  deposition  if  there  is  not 
land-area  enough  either  in  the  shape  of  continents,  islands,  or 
active  volcanic  orifices,  or  all  combined  or  successive,  to  }neld 
the  necessary  sediment.  This  furthermore  implies  consider- 
able stability  of  conditions  over  lengthened  periods  of  time 
combined  with  local  mutations  and  changes  of  level,  and,  as 
I  have  indicated,  we  have  the  history  of  these  mutations 
within  the  rocks  of  a  range.  The  distribution  of  sediments  is 
dependent  upon  the  depth  of  the  water  surrounding  the  land 
and  the  currents  of  the  sea  (when  they  are  not  laid  down 
in  lakes  or  subaerially  by  rivers)  ;  but,  whatever  the  con- 
ionuation  of  the  coast  and  sea-bottom,  a  continuous  discharge 
of  sediment  upon  itnmst  in  time  load  it.  and,  as  proved  by  the 
enormous  thickness  of  rocks  composing  great  mountain- 
ranges,  bend  the  crust  below  the  maximum  depth  of  any 
oceanic  depression. 

This  necessary  subsidence  again  insures  the  establishment 
of  the  basin  of  deposition  and  its  continuous  existence. 

Displacement  of  Matter  in  the  Shell  of  Greatest  Mobility. 

If  the  matter  in  a  shell  of  the  Earth  between  the  nucleus 
and  crust  is  in  the  condition  I  have  postulated,  it  is  evident 
that  a  lateral  displacement  of  the  matter  of  the  shell  must  take 
place  to  some  extent  through  weighting  by  sediment,  and  this 
will  have  its  effect  in  raising  the  levels  of  the  Earth's  crust 
surrounding  the  basin  of  deposition  ;  but  will  not  be  an  agent 
in  mountain- building. 

Afovc)ue)if  of  the  Isogeothenns. 

It  is  evident,  from  the  variations  in  the  rate  of  increase  of 
temperature  that  exist  in  various  localities  as  the  crust  is 
jK'uetrated,  that  the  lines  of  ecjual  temperature  (isogeotherms) 
in  the  Earth's  crust  are  subject  to  change,  for  it  is  not  to  be 
sup])osed  that  the  temperature  gradients  have  remained  in 
their  existing  relations  for  all  time. 

It  is  also  evident,  as  first  shown  by  Babbage  and  Hersehel, 
that  the  covering  of  any  particular  area  of  the  Earth  with 
sediment  will  necessarily  raise  the  temperature  of  the  crust 
below  *.  If,  therefore,  we  assunu'  a  thickness  of  10  miles  of 
sediment  to  be  laid  down  in  a  basin  of  dejiosition  or  earth- 
tiough,  and  the  rate  of  increase  of  tem|)erature  to  be  1  in 
aO,  what  were  originally  surface-rocks  })ossessing  a  surface- 
teinperatur(>  ileterinined   by  tlu>  climate  of  the  locality  will  be 

*  This  is  wi'U  explnined  both  by  Babbnge  and  llor>ohel  in  the  nth 
Bridpewater  Treatise. 
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raised  in  temperature  over  1000°  Fahr.,  and  eventually  the 
whole  of  the  imderlying  rocks  of  the  earth's  crust  even  below 
the  shell  of  greatest  change  will  be  proportionately  att'ected. 
The  10  miles  of  overlying  sediments  under  such  conditions 
would  be  raised  1000°  Fahr.  at  the  base,  diminishing  to  zero 
at  the  surface. 

Effects  of  the  Rise  of  Temperature  on  the  Foundation  Rocks. 
Initial  Stage. 

The  section  of  tbe  crust  of  the  Earth  weighted  and  heated 
at  the  same  time  will  be  subjected  to  a  gradually  increasing 
compressive  stress.  So  long  as  the  actual  expansive  force  of 
the  heated  crust  is  insufficient  to  raise  the  weight  of  sediment 
being  piled  upon  it,  it  Avill  continue  to  sink,  though  subject 
to  vertical  pulsations  of  level  due  to  other  causes,  which  it  is 
not  my  object  to  treat  of  here.  But  there  will  eventually 
come  a  time  when  the  accumulated  stresses  of  the  expanding 
rocks  will  overcome  the  weight  of  sediment,  and  then  the 
upheaval,  folding,  and  building  of  the  mountain-chain  will 
begin.  But  it  is  not  to  be  su})posed  that  the  rise  of  tempera- 
ture takes  place  with  the  mathematical  precision  described 
here  for  mere  purposes  of  explanation  *.  I  have  shown  that 
volcanic  action  often  contributes  to  the  foundation  materials 
of  a  mountain-range,  and  that  intrusive  sheets  and  dykes 
penetrate  the  sediments,  and  ash-beds  are  laid  down  before 
the  initial  movement  ushering  in  the  birth  of  the  range  takes 
place.  It  is  evident  from  this  that  there  will  be  great  varia- 
tions of  temperature  taking  place  in  the  foundation  crust  and 
the  sediments  during  their  laying  down. 

The  whole  series  of  rocks,  volcanic  and  sedimentary,  will 

«  This  seems  a  fruitful  .■source  of  difficulty  with  some  minds,  beginning'- 
with  Hopkius  and  ending-  witli  Ilutton,  Fislier,  and  Mid'Hemis*.  Tiu-ir 
position  seems  to  be  this  :  if  the  rise  of  tlie  is(>geotherms  into  thf  new  de- 
posits eventually  wrinkles  and  lifts  them,  Avhy  does  it  not  begin  at  once  "r 
Why,  for  instance,  should  not  100  feet  in  thickness  cause  a  rise,  and  if  it 
does,  how  can  thick  beds  ever  be  deposited 't  ]3ut  there  are  thick  beds, 
so  the  alleged  priminn  mohilp  never  acts.     Q.E.I). 

After  making,  as  I  fondly  thought,  full  explanation  of  the  modus 
operandi,  I  never  anticipated  the  establishment  of  what  a  sense  of  Immour 
compels  me  to  call  another ^yows  amiorum.  EAen  supposing  the  isogeo- 
therms  rose  as  rapidly  as  the  deposits  were  laid  down,  the  deposits  could 
not  be  lifted  until  sufficient  force  accumulated  to  overcome  tlie  gravita- 
tion, liut  in  a  sinking  area,  as  I  have  pointed  out,  if  there  be  anything 
in  the  principle  invoked,  the  presumption  is  tliat  the  isogeotherms  are 
in  process  of  sinking  also,  and  it  may  take  a  lengthened  period  of  sedi- 
mentation before  they  begin  as  a  series  to  move  upwards. 

There  are  many  other  possible  conditiDuing  causes.  A  practical 
meclianical  mind  should  soon  see  through  this  imaginary  difficulty. 
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form  a  complex  which  will  be  .simultaneGUsl}-,  but  differentially, 
affected  by  the  folding  and  elevation  when  that  be<^ins. 

Unlocking  the  Tgneouf:  Forces  of  the  Eartli. 

When  once  the  elevation  initiated  only  bv  piling-np  of 
sediment,  the  sinking  of  the  crust,  and  its  consequent  heating 
— otherwise  by  the  rise  of  the  isogeotherms — is  established, 
a  movement  of  the  interior  heated  matter  of  the  earth  must 
take  place  towards  the  axis  or  axes  of  the  range.  Tliis  is 
proved  by  the  frequency  of  granitic  cores  in  great  mountain- 
i-anges,  by  the  volcanic  action  accompanying  their  elevation, 
and  its  persistence  or  recurrence  in  a  range  even  late  on  in 
its  history,  as  instanced  by  the  Andes,  Rockies,  and  the 
mountains  of  the  Caucasus,  where  volcanic  cones  surmount 
some  of  the  highest  granitic  ])eaks,  showing  that  these  are  the 
lines  of  least  r(!sistance  through  which  the  interior  forces  of 
the  Earth  expend  themselves. 

Heating  of  the  Rocks  of  a  Mountain-Range  recurrent  and 
constantly  renexoed  during  Its  JlistOT^. 

It  is  thus  seen  that  the  heated  interior  matter  of  the  Earth 
is  constantly  being  drawn  towards  and  injected  into  the 
constituent  framework  of  a  mountain-range.  When  once  the 
elevation  of  the  sediments  consolidated  into  rocky  matter  in 
the  earth-trough  begins  through  the  influence  of  lateral 
pressure  and  the  ex])anding  mass  Ijcneath,  a  reduction  of 
pressure  and  increase  of  volume  takes  place  in  the  underlying 
fused  rock.  The  compressive  stresses  of  the  rigid  rock  are 
partially  relieved  by  folding  and  upward  flow,  and  the  tempe- 
rature of  the  mass  falls.  Additional  fused  matter  has  been 
drawn  from  the  interior,  and  in  process  of  time  the  rocks  of 
the  range  lu'gin  again  to  rise  in  temperature.  Such  fluctu- 
ations of  temperature  are  well  shown  in  the  intermittent 
character  of  volcanic  action.  After  a  great  outflow  of  lava, 
a  volcano  is  quiescent  sometimes  for  centuries.  It  has  lost  so 
much  matter  and  so  much  heat,  but  the  forces  accunmlate 
during  the  time  of  quiescence  to  burst  forth  with  renewed 
vigour.  Such  intermittent  activity  I  conceive  is  what  takes 
place  on  a  larger  scale  in  the  history  of  a  mountain-range, 
l)ut  with  greater  time-intervals. 

Dynamical  Effect  on  the  Strata  of  the  Crust  hy  Rise  of 
Temperature. 

1\\o  effect  of  a  rise  of  temperature  on  the  rocks  of  the  Earth 
is,  excepting  in  the  case  of  unconsolidated  clays,  to  increase 
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their  bulk.  From  a  great  number  of  experiments  made  by 
me  on  sandstone,  slate,  limestone,  and  marble,  I  have  estimated 
the  coefficient  of  expansion  of  average  rock  at  2*75  feet  lineal 
per  mile  for  every  rise  of  100°  Fahr.  ;  but  there  is  every 
reason  to  believe  that  the  coefficient  of  expansion  rises  at 
higher  temperatures  than  those  at  which  my  experiments 
were  conducted.  It  has  been  urged  by  some  of  my  critics 
that  I  have  not  allowed  for  the  compression  of  the  sediments 
filling  the  earth-trough  into  denser  masses,  but  have  credited 
all  the  expansion  to  mountain-building  *.  It  has  been  over- 
looked that  I  have  already  explained  that  the  weight  of  the 
mass  alone  will,  by  compressive  extension,  consolidate  the 
beds  below  by  reducing  their  thickness.  Also  the  denser 
sedimentary  rocks  are  often  denser  only  by  infiltration.  This 
is  particularly  the  case  with  sandstones,  where  the  conversion 
into  the  final  stage  of  quartzite  is  by  the  deposit  of  secondary 
silica  in  the  interspaces  of  the  grains,  not  by  condensation. 

Clays  contract  on  heating  ;  but,  according  to  my  views, 
the  contraction  of  such  beds  in  an  earth-trouoh  will  be  vertical 
only,  by  reason  of  the  superimposed  weight.  A  stage  of 
metamorphism  is  at  least  arrived  at,  as  we  see  in  clay-slate, 
when  the  materials  of  that  rock,  originally  clay,  become  meta- 
morphosed so  as  to  behave  like  other  rocks,  and  expand  with 
a  rise  of  temperature. 

Even  if  these  criticisms  possess  much  force,  they  do  not 
apply  to  the  rocky  crust  of  the  Earth  already  consolidated 
forming  the  earth-trough  in  which  the  sediments  are  laid 
down.  There  will  be  little  or  no  loss  by  condensation  in  them, 
only  straining  or  change  of  form.  It  is  obvious  that  deep- 
seated  rocks  must  be  so  compressed  by  simple  gravitation, 
that  lateral  pressure  will  have  little  effect  in  further  con- 
densing them. 

Recurrent  Expansion  Cumulative  in  its  Effects. 

If  a  given  area  of  the  crust  of  the  Earth  is  raised  in  tempe- 
rature, when  the  limit  of  elasticity  is  reached  the  surplus 
material  must  be  disposed  of  by  a  change  of  form  :  it  will  rise 
in  the  line  of  least  resistance. 

Assume  that  the  surplus  due  to  the  cubical  expansion  of  a 
horizontal  sheet  is  thrown  into  a  ridge,  and  that  then  a  fall  of 
temperature  takes  place  to  the  same  extent.  The  material 
ridged  up  can  never  be  drawn  back  again  ;  it  becomes  a  per- 

*  Hiitton,  Presidental  Address,  Section  C,  Melbourne  Meetino;  of  the 
Aiistralnsian  Association  for  the  Advancement  ot"  Science,  p.  8!>. 


494      Mr.  T.  M.  Reade  on  fftc  Origin  of  Mountain-Ranges 

maneiit  feature  of  the  Earth's  surface.  The  contraction  must 
be  patisfied  in  another  way,  either  by  broakin^  up  into  blocks, 
faulting  and  subsidence  extending  through  its  substance,  or 
by  vertical  contraction  alone,  and  the  lengthening  of  the  beds 
by  compressive  extension  due  to  the  weight  of  superimposed 
materials.  Probably  l)oth  these  principles  generally  come 
into  operation  together  in  nature.  The  Earth  is  bound  to 
retain  its  solidity  in  whatever  way  that  may  be  satisfied.  If 
a  rise  of  temperature  then  succeeds,  the  effect  will  be  as  be- 
fore, and  deformation  will  result,  its  locality  lieing  determined 
by  the  line  of  l(!ast  resistance. 

Li  the  case  of  a  mountain-range  it  will  take  place  along  or 
parallel  to  its  axis,  and  the  range  will  receive  another  acces- 
sion of  bulk. 

Thus  we  see  that  the  effect  of  alternation  of  temperature  in 
the  Earth's  crust  leading  to  the  establishment  of  mountain- 
chains  is  cumulative.  This  cumulative  effect  of  small  alter- 
nations of  temperature  may  be  seen  in  the  ridging-up  of  any 
old  lead  gutter,  lead  flat,  or  lead-lined  bath  or  sink.  It  has 
been  likened  to  a  "  rachet "  movement,  which  is  not  an  inapt 
illustration  if  taken  with  the  necessary  qualifications. 

Effects  of  Contraction. — Normal  Faulting. 

Normal  faults,  that  is  faults  that  hade  to  the  downthrow, 
are  the  result  of  contraction,  and  are  posterior  to  the  first 
plication.  Any  section  of  a  mountain-range  traversed  by 
normal  faults  shows  the  folds  sheared  in  a  way  that  proves 
this.  Normal  faulting  is,  however,  most  prevalent  in  the  less 
disturbed  strata  that  flank  a  range.  The  mountain-range, 
pushed  up  by  successive  lateral  thrusts  or  recurrent  ex- 
pansions acting  over  a  great  length  of  time  and  the  folds 
thrown  l)ack  and  further  compressed  by  the  cores  of  gneiss 
and  granite  intruiled  into  them,  becomes  a  solid  mass  which 
cannot  be  drawn  iiack  Ijy  contraction.  Contraction  therefore 
has  its  maximum  effect  on  the  more  horizontal  deposits  that 
flank  the  range,  and  extend  for  considerable  distances  on 
either  side. 

As  the  erust  of  the  Earth  must  remain  solid,  the  condition 
is  satisfied  bv  shearing  and  wcdging-uji  by  gravitation. — other- 
w'ise  bv  normal  faulting.  Cimtraction  of  igneous  masses 
l)eneath  may  induce  this  Caulting  in  some  cases,  but  it  is  not 
a  necessary  condition.  Cubic;d  contraction  of  the  solid  crust 
is  sufficient. 
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Answers  to  some  Objections. 

The  object  of  this  outline  of"  inv  theory  i.s  to  focus  its 
salient  points,  as  many  of  my  critics  for  some  reason  or  other 
have  failed  to  grasp  them.  What  thej  criticise  is  frequently 
not  my  theory,  but  some  rather  vague  notion  called  the 
"  Herschel-Babbage  "  theory.  What  is  exactly  covered  by 
this  descri})tion  I  have  a  difKculty  in  ascertaining.  On  the 
other  hand,  one  writer  calls  Mr.  0.  Fisher's  theory,  with 
which  mine  has  no  analogy,  the  ''  Herschel-Babbage  '"  theory. 
I  trust  I  shall  give  no  offence  by  repudiating  this  labelhng 
and  claiming  the  theory  as  my  own. 

Neither  Herschel,  Scrope,  nor  Babbage  ever  advanced  so 
far  as  to  elaborate  what  could  be  justly  called  a  theory  of 
Mountain-Building.  They  gave  to  the  world  some  fruitful 
suggestions,  and  acute  reasoning  thereon,  which  have  been  of 
considerable  use  to  a  succession  of  speculators  in  Geological 
Physics,  and  to  myself  among  the  rest  *.  One  of  the  most 
frequently  urged  objections  to  ray  theorj'  is  the  supposed 
inadequacy  of  expansion  by  rise  of  temperature  to  account 
for  the  excessive  folding  some  mountain-chains  have  under- 
gone, linear  expansion  only  being  considered.  My  reply  to 
this  is  that  even  linear  expansion  alone  places  at  our  disposal 
more  lateral  movement  than  any  other  theory.  It  is  true 
that  those  speculators  who  have  invoked  tangential  thrust 
through  the  assumed  shrinking  of  the  Earth's  nucleus,  have 
had  at  their  command  any  amount  of  lateral  movement  their 
imagination  liked  to  draw  upon,  hence  the  simplicity  and 
success  of  the  theory — for  a  time.  It  has,  however,  been 
shown  pretty  clearly  that  the  Bank  upon  which  these  cheques 
have  been  drawn  is  one  of  very  limited  liabilityf,  and  quite 
unequal  to  honouring  them. 

Prof.  Hutton,  in  his  very  able  address  to  Section  C  of  the 
Melbourne  Meeting  of  the  Australasian  Association  for  the 
Advancement  of  Science,  gives  an  excellent  resume  of  the 
various  hypotheses  that  have  been  suggested  to  account  for 
Mountain-Building.  I  confidently  appeal  to  his  description 
to  show  that,  omitting  the  theory  of  secular  contraction  of  the 
Earth^s  nucleus,  which  he  disposes  of  very  efFectually,  none  of 
the  suggestions,    theories,    or    hypotheses  except  the   one  I 

*  Until  after  ray  work  was  published  I  liad  read  uotbiufr  of  this  but 
what  was  contaiued  iu  Lyell's  'Principles'  and  letters,  and  IJabbageV 
paper,  read  before  the  Geological  Society  in  1834,  nor  had  I  read  Scrope's 
views. 

t  See  Hutton's  examination  of  tliis tlitorv  in  the  Address  referred  to. 
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support  provides  any  lateral  movement  other  than  that  due  to 
intrusions  of  molten  rock. 

Prof.  Hutton,  in  his  description  of  my  theory,  doubtless 
given  in  the  greatest  good  faith,  leaves  out  what  are  in  my 
view  some  of  its  vital  and  essential  portions.  I  gave  as  an 
illustration  the  cubical  expansion  of  an  area  of  rock  500  x 
500  X  20  miles,  and  showed  that  it  would,  if  raised  1000° 
Fahr.,  have  an  eflFective  increase  of  bulk  of  52,135  cubic 
miles  *.  Prof.  Hutton  seems  to  assume  that  this  is  the  Alpha 
and  Omega  of  my  theory — the  beginning  and  the  end.  I 
cannot  but  think  it  strange  that  he  should  take  this  view,  as 
one  of  the  first  chapters  f  details  illustrative  experiments  to 
give  the  reader  the  first  conception  of  recurrent  expansion. 

The  fact  is,  that  there  is  no  limit  to  the  lateral  movement 
provided  by  recurrent  expansion,  excepting  the  natural  limit 
of  the  number  and  intensity  of  the  successive  changes  of 
temperature. 

I  can  assure  Prof.  Hutton  that  if  I  had  advanced  no  further 
than  the  single  constructive  conception  of  cubical  expansion 
as  an  agent  in  Mountain-Buildinir.  in  itself  orijiinal — or,  at  all 
events,  not  contained  in  the  Herschel,  Babbage.  Scrope,  or 
Lyell  conceptious  of  the  effects  of  expansion  on  the  Earth's 
crust — the  '  Origin  of  Mountain-Banges  '  would  never  have 
been  written. 

Conclusion. 

The  object  of  this  Outline  behig  to  correct  some  prevalent 
misconce})tions  of  my  views,  I  have  confined  myself  prin- 
cipally to  restating  in  a  shorter  form  the  essential  principles 
of  my  theory  of  mountain-formatiou  by  sedimentary  loading 
and  cumulative  recurrent  expansion.  For  all  the  details, 
proofs,  illustrations,  and  numerical  calculations  I  must,  as 
before  stated,  refer  those  interested  to  the  original  work. 
Perhaps  it  may  lead  some  who  have  ah'eady  read  the  '  Origin 
of  Mountain-Ran<>es  ^  to  a<iain  read  and  reconsider  it,  when  I 
trust  the  points  1  have  touched  on  in  this  outline  will  add  to 
its  lucidity.  Honest  criticism,  even  if  severe,  is  one  means  of 
elucidating  the  truth,  and  I  not  only  invite  but  welcome  it. 

Park  Corner,  Blundellsauds, 
Liverpool. 

*  '  Ori'i:iu  of  Moiuitniu-Rauges,'  p.  110. 
t  Ibid.  Chap.  III. 
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LXI.  Allotropic  Silver. — Piirt  111.  JJlue  >SUcer,  soluble  and 
insoluble  forms.     By  M.  Carey  Lea*. 

WHEN  my  first  paper  on  the  sul)ject  of  allotropic  silver 
was  published  about  two  years  ago,  that  product 
seemed  to  be  the  result  of  a  very  limited  number  of  reactions 
closely  allied  to  one  another.  Further  study  has  shown  that 
it  is  a  mucli  more  common  product  than  at  fii'st  appeared  to 
be  the  case.  Wherev(n'  in  the  reduction  of  silver  a  reddish 
colour  shows  itself,  that  may  be  taken  as  a  probable  indication 
that  allotropic  silver  has  been  formed,  even  although  it  may 
be  destroyed  before  it  can  be  isolated. 

^Vhat  is  rather  remarkable,  is  that  allotropic  silver  is  pro- 
duced abundantly  in  certain  very  familiar  reactions  in  which 
its  presence  has  never  been  suspected  :  so  abundantly,  in  fact, 
that  some  of  these  reactions  constitute  the  best  methods  of 
obtaining  silver  in  the  soluble  form.  In  photographic  opera- 
tions silver  has  often  been  reducetl  by  tannin  in  the  })resence 
of  alkalies.  It  has  not  been  imagined  that  by  slightly  varying 
the  conditions,  the  whole  of  the  silver  may  be  made  to  pass 
into  solution  as  a  soluble  metal  with  its  characteristic  intense 
blood-red  colour. 

Some  of  these  new  reactions  will  be  hei'e  described  in 
detail. 

Allotropic  Silver  formed  by  Dextrine  and  Alkaline 
Hydroxide. 

When  dextrine  is  dissolved  in  a  solution  of  potassimn  or 
sodium  hydroxide,  and  silver  nitrate  is  added,  keeping  the 
hydroxide  in  moderate  excess,  the  silver  is  at  first  thrown 
down  in  the  form  of  the  well-known  brown  oxide.  This  brown 
colour  presently  changes  to  a  reddish-chocolate  shade,  and  at 
the  same  time  the  silver  begins  to  dissolve.  h\  a  few  minutes 
the  whole  has  dissolved  to  a  deep-red  colour,  so  intense  as  to 
be  ahnost  black.  A  few  drops  poured  into  water  give  it  a 
splenditl  red  colour  of  perfect  transparency.  Examination 
with  the  spectroscope  leaves  no  doubt  that  we  have  to  do  with 
a  true  solution. 

It  is  interesting  to  observe  that  silver  can  Ije  held  in  solu- 
tion in  neutral,  acid,  and  alkahne  liquids.  In  the  first  process 
which  I  published,  in  which  silver  citrate  is  reduced  by  a 
mixture  of  sodic  citrate  and  ferrous  sulphate,  the  latter  may 
be  used  either  in  acid  solution,  or  it  may  be  first  neutrali/ed 
with  alkaline  hydroxide,  so  that  that  form  of  silver  is  held  in 
solution  in  either  a  neutral  or  an  acid  li(|uid.  The  form  that 
*  Communicated  by  the  Author. 

Fhil.  May.  S.  5.  Vol.  ai.  No.  lit;-}.  June  1891.        2  N 
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is  obtained  with  the  aid  of  dextrine  dissolves  most  freely  in 
the  strongly  alkaline  liquid  in  which  it  is  produced,  and  when 
dilute  nitric  or  sulphuric  acid  is  added,  the  silver  is  preci- 
pitated. But  with  acetic  acid  the  precipitation  is  very  in- 
complete :  the  solution  retains  a  brown  colour,  and  contains 
silver.  Even  the  addition  of  a  large  excess  of  strong  acetic 
acid  fails  to  throw  down  any  more  silver.  It  follows,  there- 
fore, that  whilst  this  form  of  silver  is  most  freely  soluble  in  a 
strongly  alkaline  liquid  it  is  also  soluble,  to  some  extent,  in 
one  that  is  either  neutral  or  acid. 

The  precipitate,  when  once  formed,  appears  to  be  almost 
insoluble.  A  small  portion  of  it  stirred  up  with  distilled  water 
gives  no  indication  of  solution.  But  if  a  (juantity  is  thrown 
on  a  filter  and  washed,  as  soon  as  the  mother-water  is  washed 
out,  the  liquid  runs  through  of  a  muddy  red  ;  and  if  this 
filtrate  be  allowed  to  stand,  it  deposits  an  insoluble  portion, 
and  then  has  a  fine  rose-red  colour  and  perfect  transparency. 
NotAvithstanding  the  beautiful  colour,  it  contains  a  trace  of 
silver  only,  so  great  is  the  colouring-power  of  the  metal. 
Sometimes,  if  the  alkaline  solution  stands  for  a  month  or  two, 
the  silver  becomes  spontaneously  insoluble  ;  most  of  it  falls 
to  the  bottom  as  a  deep-red  substance,  but  part  remains  in 
suspension,  with  a  bright  brick-red  colour.  The  difference 
between  this  and  the  true  solution  as  originallv  formed  is 
extremely  well  marked. 

Dextrine  is  a  very  variable  substance,  and  different  speci- 
mens act  very  differently.  Common  brown  dextrine  seems 
to  do  better  than  the  purified  forms. 

Convenient  ])ropurtions  are  as  follows  : — In  2  litres  of  water 
40  grammes  of  sodium  hydroxide  may  be  dissolved  and  an 
equal  (juantity  of  dextrine,  filtering  if  necessary.  2S  grannnes 
of  silver  nitrate  are  to  be  dissolved  in  a  small  quantity  of 
water,  and  added  by  degrees  at  intervals.  Complete  solution 
readily  takes  place.  Although  the  liquid  contains  less  than 
1  per  cent,  of  metallic  silver,  it  appears  absolutely  black, 
when  diluted  red,  by  great  tlilution  yellowish.  AVith  some 
specimens  of  dextrine  the  solution  remains  clear  ;  with  others 
it  soon  becomes  a  little  turbid. 

Perhaps  the  most  interesting  reaction  which  this  solution 
shows  is  that  with  disodic  ])hosphate.  A  little  phosphate  is 
sufficient  to  throw  down  the  whole  of  the  silver,  although  both 
solutions  are  alkaline.  When  a  gramme  of  jthosphate  in  solu- 
tion is  added  to  100  eub.  centim.  of  silver  sulutit)n,  the  colour 
becomes  bright  red,  sometimes  scarlet,  and  the  whole  oi"  the 
silver  is  presently  precipitated.  This  preci[)itate  on  the  filter 
luis  a  colour  like  that  of  ruby  copper,  which  colour  it  ret;iins 
during  the  first  washiug  ;  l)ut  after  a  few  hours'  washing  with 
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distilled  water,  the  colour  changes  to  a  deep  Nile-green,  and 
at  the  same  time  it  becomes  slightly  soluble,  giving  a  port- 
wine  coloured  solution.  With  more  washing,  this  solubility 
may  disappear. 

It  is  a  general  fact  that  all  these  forms  of  silver,  however 
various  their  colour,  have  both  a  body-  and  a  surface-colour  ; 
and  these  two  colours  tend  always  to  be  complementary.  The 
body-colour  is  that  shown  by  the  ])recipitato  while  still  moist ; 
it  is  also  visible  when  a  thin  coat  is  brushed  over  paper,  a  coat 
so  thin  that  light  passes  through  it,  is  reflected  by  the  paper, 
and  returned  again  through  the  fihn.  But  when  a  thick  and 
opaque  film  is  applied,  the  body-colour  disappears,  and  only 
the  complementary  surface-colour  is  visible. 

So  in  the  case  of  the  precipitate  by  phosphate,  when  the 
substance  resembling  ruby  copper  is  spread  thickly  on  paper, 
it  dries  with  a  bright-green  metallic  surface-colour.  But 
when  the  substance  itself  becomes  green  by  continued  washing, 
it  assumes,  on  drying,  a  dark  gold  or  copper  colour,  the 
surface-colour  changing  with  the  body-colour  and  maintain- 
ing its  complementary  relation.  In  observing  these  effects 
one  is  constantly  reminded  of  certain  coal-tar  colours,  both 
by  the  great  intensity  of  coloration  and  by  the  metallic  surface- 
colour.  I  am  not  aware  that  any  other  inorganic  substance 
shows  this  resemblance  to  a  similar  extent. 

These  forms  of  allotropic  silver  have  a  great  tendency  to 
attach  to  themselves  foreign  matters.  Although  the  dry  sub- 
stance has  all  the  appearance  of  a  pure  metal,  it  may  contain 
as  much  as  8  or  10  per  cent,  of  organic  nuitter,  which  it  is 
utterly  impossible  to  detach.  I  have  taken  much  trouble  to 
eliminate  this  substance.  In  one  attempt  hot  distilled  water 
was  forced  through  with  the  aid  of  a  filter-pump  for  over 
one  hundred  hours,  without  effect.  The  presence  of  this 
organic  substance  becomes  evident  when  the  metal  is  heated 
in  a  tube.  A  vapour  arises  which  condenses  into  small 
brownish  drops  having  an  empyreumatic  odour.  The  residue 
of  bright  white  metallic  silver,  when  dissolved  in  nitric  acid, 
leaves  behind  black  fiakes  of  carbon.  When  the  allotro[)ic 
silver  is  dissolved  in  dilute  nitric  acid  and  the  silver  j)reci- 
pitated  by  hydrochloric  acid,  on  evaporation  a  small  residue 
of  a  yellowish  gummy  substance  is  obtained. 

Anali/ses. — Four  silver  determinations  were  made  of  ma- 
terial rendered  as  pure  as  it  was  found  possible  to  obtain  it. 
llesults : — 

No.  1   93"  77  per  cent.  Ag. 

„    ^   04-27         „ 

„    ^  '^^■^^ 

„    ^   *J^-^^ 
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AUotropic  Silver  obtained  with  Tannin  ancl  Alkaline 
Carbonates. 

Tannin  (gallotannic  acid)  in  alkaline  >olution  reduces  silver 
nitrate  to  metallic  silver  in  the  allotropic  form.  Tannin  actri 
more  strongly  than  dextrine,  and  therefore  does  best  with 
carbonated  alkali,  dextrine  best  with  alkaline  hydroxide, 
although  either  substance  will  [)roduce  the  reaction  with 
either  form  of  alkali  and,  though  less  advantageously,  with 
ammonia.  Tannin  with  sodium  carbonate  gives  a  very  jicrfect 
solution  of  silver,  quite  free  from  the  turbidity  that  is  apt  to 
characterize  the  dextrine  solution.  The  colour  of  this  solu- 
tion is  likewise  very  intense  :  one  containing  1  per  cent,  of 
silver  is  quite  black,  on  dilution  deep  yellowish  red.  It  has 
very  much  the  same  characters  as  the  preceding,  but  is  rather 
more  stable.  To  obtain  it,  24  grammes  of  dry  sodium  car- 
bonate may  be  dissolved  in  1200  cub.  centim.  of  water.  A 
4-per-cent.  solution  of  tannin  is  to  be  made  and  filtered  ; 
of  this,  72  cub.  centim.  are  to  be  added  to  the  solution  just 
named  :  of  silver  nitrate,  24  grammes  dissolved  in  a  little  water 
are  to  be  added  by  degrees.  Solution  takes  place  almost 
instantly  as  each  successive  portion  is  added.  The  solution, 
after  standing  a  day  or  two,  may  be  decanted  or  filtered  from 
a  small  quantity  of  black  precipitate. 

When  the  solution  is  treated  with  a  very  dilute  acid,  as,  for 
example,  nitric  acid  diluted  with  twenty  times  its  bulk  of 
water,  alloti'ui)ic  silver  is  i)recipitated  in  the  solid  form.  It 
dries  with  a  brilliant  metallic  surface-colour  of  a  shade  dif- 
ferent from  the  foregoing,  and  somewhat  difficult  to  exactly 
characterize,  a  sort  of  bluish  steel-grey. 

1  do  not  find  that  the  l)lue  allotrojiic  silver  (in  which  is 
includetl  the  green  and  steel-grey  varieties)  can  be  reduced 
to  any  one  definite  type.  On  the  contrary,  its  variations  are 
endless.  Slight  differences  in  the  conditions  under  which  the 
solutions  are  formed,  or  in  the  mode  of  precipitation,  give 
quite  different  products.  For  example  :  of  ten  products  ol)- 
tained  with  tannin  and  sodium  carbonate  in  different  projjor- 
tions,  several  were  easily  and  completely  soluble  in  anunonia, 
some  w'ere  slightly  soluble,  and  some  not  at  all.  Some  spe- 
cimens not  at  all  soluble  in  water  became  so  by  moistening 
with  dilute  phosphoric  acid  :  they  did  not  dissolve  in  the  acid, 
but  when  it  was  removed  they  had  become  soluble  in  water. 
On  other  specimens  [)hosphoricacid  had  no  such  effect.  Some 
solutions  are  scarcely  affected  by  acetic  acid,  others  are  partly 
preei})ifated,  others  almost,  but  not  quite,  wholly.     The  tihns 
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s})iea(l  on  paper  vary  very  mut'h  in  tlieir  relations  to  light  ; 
some  are  readily  converted  into  the  yellow  intermediate  form, 
whilst  others  are  very  insensitive.  The  least  sensitive  speci- 
mens seemed  to  he  those  for  which  dilute  nitric  acid  had 
been  used  as  a  precipitant:  tliey  had  a  steel-grey  colour. 
Precipitation  hy  acetic  acid  seems  to  tend  to  a  greenish 
metallic  surface,  colour,  and  greater  sensitiveness.  Different 
specimens  also  vary  very  much  as  to  permanency;  this  cha- 
racter is  also  affected  by  the  amount  of  washing  received  : 
thorough  washing  tends  to  permanency. 

Tn  some  way  the  ])lue,  grey,  and  green  forms  seem  mor<» 
closely  related  to  the  black  or  dark  grey  forms  of  normal 
silver,  for  they  tend,  in  time,  to  pass  into  them  ;  whilst,  on 
the  contrary,  gold-coloured  silver,  if  pure,  tends,  with  time, 
to  change  to  bright  white  normal  silver  on  the  surface  with 
dark,  or  even  black,  silver  underneath. 

Action  of  other  Carbonates. 

Tannin  is  capable  of  producing  allotropic  silver,  not  only  in 
the  presence  of  the  carbonates  of  potassium  and  sodium,  but 
also  with  those  of  lithium  and  ammonium,  and  also  with  the 
carbonates  of  calcium,  magnesium,  barium,  and  strontium. 
The  action  of  the  last-named  carbonate  has  been  more  par- 
ticularly examined.  It  yields  allotropic  silver  of  a  dark-red 
colour  whilst  moist,  drying  with  a  rich  bluish-green  metallic 
surface-colour  in  thick  films,  in  very  thin  films  transparent 
red.  It  is  probable  that  the  substances  with  which  tannin 
produces  these  reactions  would  be  further  increased  b^ 
investigation. 

I  have  found  some  additional  modes  of  production  of  these 
forms  of  silver,  modes  which  are  very  curious  ami  inter- 
esting. They  are  now  being  studied,  and  will  be  reported  on 
hereafter. 

Nature  of  the  '^Intermediate  Suhstancey 

It  has  been  mentioned  in  previous  pa])ers  that  when  allo- 
tropic silver  is  converted  into  normal  silver  by  the  action  oi' 
heat,  it  passes  through  a  })erfeetly  well-marked  intermediate 
state.  In  this  state  it  retains  the  gold-yellow  colour  ami  high 
lustre,  but  none  of  the  other  properties  of  the  original  form. 
Oxidizing  and  chlorizing  agents  show  nearly  the  same  indif- 
ference as  with  ordinary  silver.  Whilst  allotropic  silver  is 
soft  and  easily  reduced  to  powder,  the  intermediate  sub- 
stance is  hard  and  tough.  AVlien  a  glass  rod  is  drawn  over  a 
film  of  allotropic  silver,  it  leaves  behind  it  a  white  trace  of 
ordinary  silver.     The   intermediate  sul)stance  shows  no  such 
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reaction  :  the  trace  of  a  glass  rod  does  not  differ  from  the 
rest  of  the  film  ;  and  even  hard  burnishing  produces  no  change 
in  the  colour.  Continued  exposure  to  sunlight  brings  al^out 
the  same  alteration  to  the  intermediate  form,  and  it  takes 
place  spontaneously  with  time. 

At  that  time  no  explanation  could  be  found  as  to  the  nature 
of  the  change.  It  proves,  however,  to  be  a  passage  into  a 
crystalHne  form.  Some  films  spread  on  paper  were  exposed 
to  the  action  of  very  dilute  solution  of  ferric  chloride.  It 
chanced  that  one  of  these  films  had  undergone  a  }>artial 
change  into  the  intermediate  form  ;  tlie  unchanged  portion 
was  darkened  by  the  ferric  solution,  whilst  the  portion  that 
had  passed  into  the  intermediate  form  retained  its  bright  gold- 
vellow  colour  and  lustre,  rendering  it  thus  distinguishable. 
The  figures  which  it  exhibited  were  strikingly  crystalhne. 
One  portion  sliowed  a  foliated  structure,  such  as  is  formed 
l)y  interpenetrating  crystals ;  other  parts  showed  ramifica- 
tions with  something  of  a  ])lant-like  form.  Another  part 
exhibited  a  sheaf  of  acicular  crystals  nearly  parallel  in  direc- 
tion half  an  inch  to  an  inch  long,  and  as  fine  as  hairs.  These 
ap])earances  indicated  with  certjiinty  crystalline  structure. 
Other  specimens  have  been  obtained,  though  none  so  well 
defined  as  that  just  mentioned,  which  happened  to  be  taken 
at  exaetlv  the  right  stage  of  sj)ontaneous  alt(;ration  to  make 
the  structure  manifest.  The  alteration  is  not  apparent  to  the 
eye,  as  the  colour  does  not  change. 

This  change  to  the  crystalline  condition  iloes  not  seem 
to  be  peculiar  to  gold -coloured  silver.  The  blue  form,  when 
oently  heated  in  a  tube,  becomes  yellow.  By  continued  heat 
it  changes  to  white  normal  silver.  A  film  on  glass  l)egan  to 
change  from  blue  to  yellow  at  about  18U°  C.  Light  also  pro- 
duces this  change  on  blue  silver.  The  specimens  obtained  by 
different  processes  act  very  dift'erently ;  some  change  with  a 
few  hours  of  strong  sunlight,  others  require  many  days. 


From  what  has  been  written  in  this  and  preceding  papers, 
it  appears  that  allotro})ic  and  even  soluble  silver  may  be 
formed  in  a  great  variety  of  reactions.  The  reducing  agent 
may  be  either  a  ferrous  or  a  stannous  salt,  or  any  one  of  a 
variety  of  organic  substances  of  very  different  constitutions. 
From  the  solubility  and  activity  of  this  substance  and  the 
jiarallelism  which  many  of  its  reactions  show  to  those  of  silver 
in  eouibination,  1  have  been  disposed  to  think  that  silver  in 
solution  might,  like  silver  in  combination,  exist  in  the  aton)ic 
form.      It  is  certain  that,  up  to  the  }iresent  time,  we  have  no 
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positive  knowledge  of  the  existence  of  any  element  in  the 
atomic  form  as  a  solid.  We  know  that  four  or  five  metals  are 
atomic  in  their  vapours,  and  that  in  iodine  vapour  at  a  certain 
temperature  the  molecules  separate  into  atoms. 

But  it  may  he  questioned  whether  we  have  not  seen  solid 
elements  in  the  atomic  form  without  recognizing  them  as  such. 
There  are  forms  of  iron,  nickel,  cobalt,  and  lead  which  exhibit 
very  remarkable  {)roperties,  pi-operties  that  have  been  hitherto 
ver}^  unsatisfactorily  explained.  L(!ad  tarti-ate  reduced  by 
gentle  ignition  in  a  nearly  closed  tube,  and  allowed  to  cool  and 
then  shaken  out  into  the  air,  forms  a  stream  of  fire.  The  oxides 
of  iron,  nickel,  and  cobalt  reduced  in  closed  tubes  by  hydrogen 
show  similar  properties.  It  is  customary  to  explain  this  action 
by  affirming  that  the  metals  are  left  in  an  extremely  fine 
state  of  division.  This  explanation  is  not  satisfactory.  Sul- 
phur, for  example,  is  far  more  inflannnabJe  than  any  of  the 
metals  just  mentioned,  and  may  be  obtained  in  a  state  of 
exceedingly  fine  division,  either  by  sublimation  or  by  preci- 
pitation; but  does  not,  in  consequence,  show  any  greater  ten- 
dency to  spontaneous  inflammation.  It  seems  more  natural 
to  sup])Ose  that  these  metals  are  reduced  in  the  atomic  form ; 
and  this  view  of  the  matter  seems  to  be  much  strengthened  by 
the  following  considerations. 

The  experiments  of  Ramsey  and  of  Heycock  and  Neville, 
cited  in  a  previous  paper,  lead  to  the  conclusion  that  in  the 
case  of  a  dilute  solution  of  one  metal  in  another  the  dissolved 
metal  exists  in  the  atomic  form.  But  still  more,  the  experi- 
ments of  Tammann  on  amalgams  indicate  that  in  these  alloys 
the  dissoh'etl  metal  is  atomic  ;  and  it  is  stated  that  Joule,  by 
distilling  off  the  mercury  from  an  iron  amalgam,  found  that 
the  iron  was  left  in  a  pyroj^horic  condition.  The  amalgam  of 
manganese,  carefully  distilled,  gives  a  pyrophoric  powder. 
Chromium  amalgam,  distilled  in  a  current  of  hydrogen,  gives 
a  similar  result  if  the  temperature  is  not  raised  too  high.  The 
enormous  affinity  wiiich  these  forms  of  metals  exhibit  for 
oxygen  renders  their  study  very  difficult.  It  has  not  been 
before  suggested  that  their  activity  is  due  to  their  being 
atomic ;  but  this  would  seem  to  be  a  much  more  rational  ex- 
planation than  that  of  extreme  division*.  A  broad  distinction 
must  of  course  be  drawn  between  chemical  and  mechanical 
division  :  a  substance  may  be  atomic  and  yet  appear  in  masses ; 
may  be  in  the  finest  mechanical  division  and  yet  be  molecular 

•  M.  (i.  liousseau,  in  the  uow  Enej/clopklie  Chimique,  seems  to  entirely 
abandon  the  old  view  of  extreme  division,  luid  considers  these  forms  to  bo 
allotropic,  and  comparable  with  the  allotropic  forms  of  phosphorus,  ^:c., 
Vol.  iii.  p.  oO. 
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or  polymerized.  Silver  being  a  metal  with  a  very  low  affinity 
tor  oxygen,  could  not  be  expected  to  show  in  the  atomic  state 
the  same  inflannnability  as  more  oxidable  metals. 

In  conclusion,  it  may  be  said  that  there  is  much  reason  to 
suppose  that  elements  may  exist  in  the  atomic  form,  and  that 
allotropic  silver  may  present  such  a  case.  This  is,  of  course, 
far  from  being  proved,  and  is  offered  only  as  a  "'  working 
hypothesis."  As  such,  it  may  afford  a  useful  aid  in  further 
investigations. 

Philadelphia,  April,  1891. 


LXII.  The  Electrometer  as  a  Wattmeter,    ^y  J.  Savinburnr  *. 

IN  1881,  when  M.  Joubert  published  his  experiments  on  a 
Siemens  machine,  in  the  course  of  which  he  had  used  a 
Thomson  or  Mascart  electrometer  as  a  voltmeter,  Professors 
Ayrton  and  Fitzgerald  simultaneously  proposed  to  use  the 
quadrant  electrometer  as  a  wattmeter. 

The  ordinary  method  of  arranging  the  instrument  is  shown 
in  fig.  1.    The  resistance  is  wound  so  as  to  be  non-inductive  ; 

FifT.  1. 


and  the  jtower  to  be  measured  is  spent  in  the  a]>]);iratu«- 
marked  W.  If  the  fall  of  potential  between  ./•  and  t/  is  very 
great  in  comparison  with  that  over  the  resistance,  the  instru- 
ment reads  like  a  charged  electrometer,  and  it  may  be  taken 
to  read  in  watts.  In  practice  such  conditions  do  not  occur  ; 
•  Comnnuiicated  by  the  Physical  Socioty  :  road  March  <>,  1^*01. 
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for  if  the  resistance  is  made  low  the  instrument  is  not  s(Misi- 
tive  enough,  and  if  it  is  jnade  high  the;  electrometer  no  longer 
reads  in  watts.  If  the  instantan(!0us  pressures  are  0^  .r,  and  ?/, 
the  force  exercised  hy  the  first  ([uadrant  a  in  the  positive 
direction  is  A;  ?/^,  where  k  \^  the  constant  of  the  instrument. 
This  constant  may  he  omitted,  antl  the  force  denoted  hy  ?/2. 
The  force  exercised  by  h  is—  {y  —  xY  ;  hy  r,  —  {rj  —  xY  ',  ;ind  hv 
d,y^.  The  total  force  is  thus  2  {iy—x)  x.  The  needle  contact 
may  now  be  moved  from  y  to  x  and  another  reading  taken. 
This  is  of  course  2  .*'^.  Subtracting  this  from  the  fii-st  reading, 
we  get  4  [y — x)  x,  which  is  the  power  taken  by  W.  This  is 
the  arrangement  that  was  adopted  by  Dr.  Hopkinson  in  his 
measurements  of  the  Gaulard  and  Gibbs  transformer  in  J<S(S4. 
During  the  first  reading  the  instrument  is  really  two  idio- 
static  voltmeters,  one  being  in  shunt  to  both  the  resistance 
and  Wj  and  the  other  in  shunt  to  W  alone.  During  the  second 
reading  it  is  a   voltmeter  in  shunt  to  the   resistance  alone. 

Professor  Ayrton  arranges  the  instrument  so  that  the  quad- 
rants are  in  shunt  to  W,  aiul  the  needle  is  first  connected  to  .r 
and  a  reading  taken,  and  the  needle  is  then  connected  to  0 
and  a  second  reading  taken.  During  the  first  reading,  the 
instrument  is  a  voltmeter  in  shunt  to  W,  and  during  the  second 
it  is  two  voltmeters,  one  in  shunt  to  the  resistance  and  one 
in  shunt  to  the  whole  circuit.  The  difFeren<;!e  again  gives  the 
power  spent  in  W.  Mr.  Smith  uses  a  discharge- key  foi- 
making  a  change  quickly.  TIk^  discharge-key  can  bo  used 
in  either  arrangmnent,  but  the  first  is  more  accurate.  For 
instance,  suppose  ?/— a*,  the  pressure  on  W,  is  2()0()  volts,  and 
X,  the  pressure  on  the  resistance,  20,  and  suppose  the  instru- 
ment one  per  cent,  low  at  one  reading.  The  first  reading  bv 
the  second  method  is  «,()00,OOU,the  second  .S,l  G0.<  )(X).  Suppose 
the  latter  is  read  one  per  cent,  low,  viz.  8,07<5,4()0,  the  result- 
ing determination  is  78,400  instead  of  160,000  ;  that  is  to  say, 
the  power  is  more  than  100  per  cent,  greater  than  that  giv(Mi 
by  the  instrument.  In  the  arrangement  used  by  Dr.  Hopkin- 
son, however,  the  i-eadings  are  160,800  and  800,  so  a  mis- 
reading of  one  per  cent,  in  the  first  makes  one  per  cent,  error 
only,  and  in  the  second  makes  no  sensible  difterence. 

The  quadrant  electrometer  may,  however,  be  arranged  so 
as  to  read  power  directly  without  any  change  of  connexions. 
This  is  shown  in  fig.  2.  A  second  resistance  equal  to  the 
first  is  put  on  the  other  side  of  W,  and  the  quadrants  are  con- 
nected up  as  shown.  The  first  (juadrant  a  then  has  a  force 
2/2^  the  second  />»,  — (//  — ^)-.  So  far  the  instrument  is  like  that 
shown  in  fig.  1,  but  with  only  half  its  quadrant  utilizeil.  Quad- 
rant c  has  a  force  —  .t"^,  and  </ is  inactive  ;  so  that  quadrant  c 
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makes  the  correction  for  which  the  second  reading  was  neces- 

s:iry  in  fig.  1,  so  the  instrument  can  be  graduated  in  watts. 

Fit:.  2. 


There  may  be  some  slight  error  due  to  the  whole  needle 
being  drawn  into  the  quath'ants  a  and  b,  and  out  of  c  and  d. 
This  is  obviated  by  making  the  needle  of  such  a  shape  that 
there  is  no  ap])re('iable  end  pull,  as  shown  in  fig.  2. 

Fiii'.  3  shows  a  form  for  a  direct-reading  instrument  with 

Fig.  3. 


a  pointer  or  index.     Instead   of  quadrants  it   has  half-disks, 
like  the  BlontUot  and  Curie  electrometer,  but,  unlike  it,  this 
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form  lias  four  pairs  of  lialf-disks.  The  Blondlot  and  Curie 
form  also  reads  power  directly,  but  the  needle  is  made  in  two 
insulated  portions,  and  needs  two  metallic  connexions,  and 
this  gives  rise  to  mechanical  troubles  and  loss  of  sensitiveness. 
The  instrument  shown  in  fig.  3  has  the  needle  all  in  one 
piece,  and  the  disks  can  be  so  far  apart  that  errors  from  varia- 
tions ot  height  of  the  needle  due  to  variations  of  the  length  of 
the  fibre  do  not  become  serious.  A  long  suspension  of  phos- 
phor-bronze wire  is,  however,  preferable  for  most  pur|)Oses. 


LXIII.  Alternating  and  Experimental  Influence-Machine.    By 
Mr.  James  Wbishurst,  Member  of  Council'^. 

I  HAVE  pleasure  in  bringing  to  your  notice  a  new  form  of 
influence-machine  which  is  self-exciting,  notwithstanding 
that  when  at  work  its  electrical  charges  alternate  during  each 
revolution. 

In  order  that  you  may  readily  follow  the  action  of  the 
machine  when  at  work  I  will  first  describe  its  construction  in 
all  its  details. 

It  consists  of  a  base  or  frame,  from  the  sides  of  which  rise 
the  standards  to  carry  the  spindle  and  boss  for  the  rotating 
disk,  suitable  driving  gear  being  fixed  thereto. 

In  the  same  plane  as  the  rotating  disk  is  fixed  a  square 
wooden  frame  having  the  necessary  holes,  plugs,  and  clamps, 
by  means  of  which  the  inductor-plates  are  held  in  position. 

The  rotating  disks  are  cut  from  ordinary  window  glass,  and 
are  coated  with  shellac  ;  they  are  16  inches  in  diameter  ;  one  of 
them  has  no  metal  upon  it,  the  next  has  four  medium-sized 
tin-foil  sectors  upon  each  of  its  sides,  the  last  of  this  series  has 
16  sectors  upon  each  side  ;  other  disks  have  from  2  to  4  sectors 
of  large  size  upon  them  ;  another  disk  has  four  large 
sectors  upon  each  side,  so  placed  that  the  sectors  upon 
one  side  cover  those  upon  the  other  side  ;  another  has  four 
very  narrow  sectors  upon  each  side,  and  another  has  16  sectors 
all  upon  the  one  side. 

The  inductor-plates  are  squares  of  glass  measuring 9|  inches; 
one  corner  of  the  plate  is  cut  away  to  admit  the  s})indle  and 
the  boss.  They  are  coated  with  shellac,  and  upon  one  side  of 
each  of  them  is  a  tin-foil  patch,  and  a  suitable  device  for  hold- 
ing the  rod  and  the  brush. 

Two  of  these  inductor-plates  are  mounted  at  the  diagonal 
corners,  upon  one  side  of  the  wooden  frame,  and  two  upon  the 
other  side  of  the  frame  ;  those  at  the  front  of  the  machine  are 
at  the  lower  right-hand  corner  and  the  upper  left-hand  corner  ; 
those  at  the  back  of  the  machine  are  at  the  upjier  right-hand 
*  Commuuicated  by  the  Pliytical  Society:  rend  April  1?,  Ib'Jl. 
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cornor  and  tlio  lower  Ict't-liand  corner  :  the  rotating  disk  is 
tberctbre  covered  for  one  lialfoi'its  surface  U[)on  Ijotliof  its  sides. 

TIh!  bruslies  are  made;  of  fine  bra^s  wire,  and  the  hnish- 
lioldcrs  are  brass  rods,  l)ent  to  a  form  to  admit  of  the  Ijruslies 
touching  the  rotating  disk  at  a  point  opposite  to  tlie  middle  of 
tlie  next  following  indnction-jdate  :  this  arrangement  su])phes 
two  brushes  to  each  sid(^  of  the  disk,  and  tlie  bruslies  when 
in  ])lace  are  situated  l^)0°  asunder. 

The  several  parts  of  the  machine  are  interchangeable,  and 
bv  means  of  the  varied  combinations  many  experiments  can 
be  made  ;  in  fact  its  combinations  include  nearly  every  type  of 
electrical  influence-macliine. 

The  prominent  results  obtaine<l  from  it  are  : — (1)  That  glass 
disks  which  have  no  metal  u])on  theni  are  freely  self-exciting. 
(2)  That  the  freedom  to  self-excitement  increases  about  pro- 
j)ortionally  to  the  nmnber  of  sectors.  (3)  That  the  quantity 
of  electricity  decreases  with  the  amount  of  metal  upon  the 
disk — whether  the  amount  be  in  the  greater  number  of 
sectors,  or  the  increased  size  of  sector  (chiefly  the  latter). 

The  only  tests  as  to  when  the  alternations  occur  which  I 
have  been  able  to  make  were  made  bv  means  of  a  sensitive 
arrangement  of  light  paper  disks,  sus})ended  by  fine  wire. 
When  this  a])paratus  is  connected  to  one  of  the  imluctors,  and 
the  glass  disk  turned  very  slowly,  the  alternations  are  seen  to 
occur  with  each  f  revolution  of  the  disk  ;  Avhen  the  disk  is 
turncMl  much  faster,  then  the  alternations  occur  too  rapidly  for 
the  paper  disks  to  respond,  and  they  hang  motionless  ami 
nearly  together. 

It  is  not  possible  to  obtain  any  .-ensible  charge  in  a  Leyden 
jar,  although  the  electricity  may  be  clearly  seen  as  a  stream 
l)etween  the  jar  and  the  inductor. 

Another  series  of  combinations  may  be  made  by  removing 
the  two  inductor-plates  from  the  back  of  the  machine  and 
substituting  an  insulating  arm  extending  across  the  disk,  it 
having  wire  brushes  at  its  ends,  the  brushes  being  eonnected 
metallically  with  terminal  balls.  When  this  coml)ination  is  in 
use  the  charges  no  longer  alternate  unless  the  terminal  balls 
are  separated  beyond  the  s]>arking  distance.  The  ]ilain  glass 
disk  without  metal  sectors,  and  also  the  disks  having  large 
sectors  upon  them,  are  no  longer  selt-exciting.  The  glass  di>k 
having  10  sectors  u])on  one  side  is  not  self-exciting  when 
placed  so  that  the  sectors  touch  the  brushes  of  the  imluctors,  but 
when  ])laced  so  that  the  sectors  touch  the  brushes  of  the  insula- 
ting arm  it  then  becomes  freely  self-exciting.  All  disks  having 
niedium-sized  sectors  uj)on  each  side  ixro  freely  self-exciting. 

i  have  noted  nianv  of  these  results  in  tabular  torm. 
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510       Alternating  and  Experimental  Injluence-Machine. 

I  now  feel  uncertain  as  to  whether  I  should  end  my  paper 
at  this  stage,  or  whether  I  sliould  extend  it  into  the  region  of 
opinion.  If  I  remain  silent  I  am  sure  the  cause  of  the  elec- 
trical action  will  be  dealt  with  by  abler  minds  than  my  own. 
On  the  other  hand,  I  feel  e([ually  sure  that  many  will  wish 
me  to  indicate  a  working  hypothesis  ;  therefore,  and  by  way 
of  suggestion,  I  will  add  what  seems  to  me  to  be  a  reasonable 
explanation. 

As  to  the  initial  charge,  I  think  it  may  be  accepted  that  all 
bodies  behave  as  though  they  possessed  a  film  of  electricity 
over  their  surfaces,  and  that  when  two  or  more  of  these  bodies 
are  brought  together  this  normal  electrical  condition  is  upset, 
for  the  electricity  which  was  upon  their  near  surfaces  is  re- 
pelled to  the  outer  or  Ijounding  surface — it  is  this  excess 
charge  upon  the  bounding  surface,  minute  it  may  be,  which 
constitutes  the  first  charge. 

In  respect  to  the  electrical  action  which  takes  place  in  this 
particular  machine,  I  will  endeavour  by  the  help  of  the  small 
diagram  to  explain. 


Assuming  that  we  have  obtained  an  initial  charge  and  tliat 
it  is  brought  to  the  inductor  marked  A,  then,  neglecting  the 
changes  which  take  place  between  the  two  bounding  surfaces, 
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we  obtain  by  induction  an  excess  of  electricity  upon  the  far 
surface  B  of  the  rotating  disk :  this  excess  in  its  turn  is  con- 
veyed by  the  brush  and  its  holder  to  the  next  inductor  C,  which 
in  its  tarn  repeats  the  operation,  and  so  on  with  each  in- 
ductor, for  the  inductors  are,  as  you  see,  situated  alternately, 
the  first  upon  one  side,  and  the  next  upon  the  other  side  of 
the  rotatino-  disic.  Those  excesses  of  electricity  seated  upon 
the  rotating  disk,  opposite  to  the  inductors,  may  be  viewed 
as  wave-crests,  while  the  corres})onding  depressions  are  under 
the  surface  of  the  inductor.  All  that  is  done  by  the  machine 
is  to  produce  this  wave-action  in  the  electrical  coating  or 
film  ;  for  there  is  no  metallic  connexion  between  inductor  and 
inductor,  nor  between  the  machine  and  the  earth  :  moreover, 
all  the  inductors  are  charged  with  electricity  of  one  sign, 
although,  probably,  the  potential  in  one  inductor  may  be 
slightly  different  to  that  in  the  other. 

The  alternations  are  possibly  caused  by  the  repulsion 
between  the  electrical  charges  upon  the  disk  and  the  inductor, 
and  the  consequent  slipping  of  the  electrical  film  upon  the 
inductor  in  such  manner  as  to  produce  a  break  in  the  phase 
of  the  wave  in  relation  to  the  brushes. 

LXIV.    The  Focometry  of  Diverging  Lens- Combinations. 
By  Professor  A.  Anderson,  AI.A.* 

ON  reading  the  abstract  of  a  paper  by  Prof.  S.  P.  Thomp- 
son, "  On  the  Focometry  of  Lenses  and  Lens-Coml)i- 
nations,  and  on  a  new  Focometer,"  in  the  '  Proceedings  of 
the  Royal  Society,'  vol.  xlix.,  no.  298,  it  occurred  to  me  that 
the  same  principles  are  applicable  to  the  case  of  diverging, 
or  positive,  combinations,  and  that  the  method  might  be 
modifiinl  so  as  to  make  it  capable  of  measuring  the  focal  lengths 
and  finding  the  positions  of  the  principal  points  of  such 
combinations. 

f X -A-H 1 hr -> * 

Let  light  be  incident  from  right  to  left  on  the  surface  A  at 
a  small  distance  from  its  vertex,  the  direction  of  the  light 
being  inclined  at  a  small  angle  to  the  axis,  and  let  Fj  and  Fg 
be  the  princii)al  foci.  Then,  distances  being  measured  to  the 
right  from  Hi  and  H^,  the  principal  points,  we  have  the 
ordinary  formula 

V      u      / 

*  Communicated  by  the  Author. 
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Hence,  it'  /<=  —2/,  v  =  2/";  or,  if  light  converge  to  a  point  81 
such  that  HiSj  =  2/',  it  v/ill,  after  passing  through  the  com- 
bination, diverge  from  So,  where  H2>S2  =  2/'.  .Sj  and  S2  are 
the  symmetric  points,  and  it  is  ch^ar  that  SiFi  =  F2S2=/. 

The  combination  A  B  sliould  l)e  fixed  on  a  support  which 
is  ca[)able  of  a  lateral  motion  at  right  angles  to  the  length  of 
the  o|)tical  bench,  so  that  the  axis  of  the  combination  may  be 
placed  in  or  out  of  the  axial  plane  of  the  bench  at  pleasure. 
The  additional  parts  required  are  two  supports  which  can 
sUde  along  the  bench,  each  furnished  with  a  convex  lens  and 
cross  wires.  The  line  joining  the  intersections  of  the  cross 
wires  should  be  parallel  to  the  bench  and  coincident  with  the 
axes  of  the  lenses  and  that  of  the  combination  when  in  the 
axial  plane.  The  lenses  should  be  of  exactly  the  same  focal 
length,  and  the  cross  wires  of  both  should  be  placed  outside 
(or  away  from  the  combination)  at  equal  distances,  greater 
than  this  focal  length,  from  the  lenses.  It  would  be  an 
advantage  if  the  positions  of  the  cross  wires  could  be  altered 
relatively  to  the  lenses,  but  in  making  a  measurement  they 
should  be  at  equal  distances  from  them. 

Suppose,  now,  the  focal  length  of  a  divei-ging  comiiination 
has  to  be  measured.  A  telescope  furnished  with  cross  wires, 
and  which  has  been  focused  for  parallel  rays,  is  used  to  ^^ew 
the  cross  wires  of  one  support  through  the  convex  lens  of 
that  support  and  the  combination,  the  support  being  moved 
along  the  bench  till  the  cross  wires  are  seen  without  parallax. 
The  comljination  is  then  moved  out  of  the  axial  plane,  and 
llu!  [)osition  of  the  image  of  the  cross  wires  formed  by  the 
rays  passing  through  the  convex  lens  observed.  This  gives 
one  of  the  focal  points,  and  the  position  of  the  other  can  be 
found  in  the  same  way,  using  the  other  sliding  support. 
Transparent  micrometers  may  now  be  j)laced  at  these  points, 
as  in  Prof.  Thompson's  method.  The  two  supports  are  then 
placed  so  that  their  cross  wires  are  at  equal  distances  from  the 
micrometers,  and  moved  along  the  bench  through  equal  dis- 
tances in  opposite  directions  till  the  image  of  the  cross  wires 
of  one  support  coincides  with  the  cross  wires  of  the  other,  the 
combination  having  of  course  been  previously  moved  back 
into  the  axial  plane.  The  combination  is  then  again  moved 
out  of  tli(!  axial  plane,  and  the  micrometers  are  moved  till 
the  images  of  the  cross  wires  are  seen  in  them.  The  distance 
moved  through  by  either  is  the  focal  length  of  the  com- 
bination. 

It  sliould,  it  necessary,  be  possible  to  remove  the  convex 
lenses  and  replace  them  by  others  more  suitable  for  the  actual 
i'ombination  to  be  measured.     Of  course  the  apparatus  with- 
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out  the  sliding  supports  may  be  used  for  finding  the  focal 
length  and  principal  points  of  a  convex  combination. 

It  would,  no  doubt,  be  easy  to  construct  the  apparatus  so 
that  the  same  screw  could  move  both  the  pair  of  sliding  sup- 
ports and  the  pair  of  micrometers  independently.  But  it 
seems  a  simpler  method,  after  first  finding  the  principal  foci, 
to  obtain  ^^■ith  only  one  of  the  convex  lenses  an  image  of  its 
cross  wires  on  a  suitably  placed  screen,  by  rays  passing 
through  both  the  lens  and  the  combination.  The  position  of 
the  conjugate  focus  of  this  image  can  then  be  found  by  moving 
the  combination  out  of  the  axial  plane  and  obtaining  the  image 
of  the  cross  wires  formed  by  rays  passing  through  the  convex 
lens  alone.  The  distances  of  these  conj  ugate  points  from  the 
principal  foci  are  then  measured,  and  the  focal  length  is  given 
by  the  formula  dd'=f^. 

A  support  of  the  kind  described  above,  furnished  with  a 
convex  lens  and  cross  wires,  would  be  required  in  many  cases 
for  determining  the  focal  or  symmetric  points  of  positive  or 
negative  systems ;  but  in  no  case  would  a  knowledge  of  the 
focal  length  of  the  lens  or  any  calculation  involving  it  be 
necessary. 

LXV.  Notices  7'especting  New  Books. 

Higher  Geometry,  containing  an  Introduction  to  Modern  Geometry 
and  Elementary  Geometrical  Conies.  By  W.  J.  Macdoxald. 
(Edinburgh  :  J.  Thin ;  184  pp.)     (i.) 

Supplement  to  "  Euclid  revised"  being  an  Introduction  {ivitldn  the 
limits  of  Euclidian  Geometry)  to  the  Lemoine  and  Brocard  Points, 
Lines,  and  Circles.  By  K.  C.  J.  Nixoisr.  (Oxford  :  Clarendon 
Press  ;  pp.  378-426.)     (ii.) 

Flit  Press  Euclid,  iii.-iv.    By  H.  M.  Tatlok.  (pp.  167-32(j.)    (iii.) 

Geometrical  Deductions.  Book  I.  By  J.  Blaikie  and  W.  Thom- 
sons'.    (London  :  Longuians  ;  pp.  viii  -h  138.)     (iv.) 

WE  have  grouped  these  elementary  geometrical  Text-books 
together  and  briefly  indicate  their  couteuts. 

(i.)  is  a  short  course  which  the  autlior  has  used  in  his  own 
classes  for  many  years,  so  that  it  represents  what  an  experienced 
teacher  has  found  suitable  for  junior  pupils.  It  deals  with  the 
fundamental  tlaoorems  of  Harmonic  pencils  and  "  Cross  Ratios  "  in 
a  clear  manner,  and  after  a  brief  look  at  Linkages  introduces  the 
student  to  the  simpler  properties  of  the  Conic  Sections.  The  book 
furnishes  a  good  introduction  to  Ilousel,  Dr.  C.  Taylor,  and  other 
writers  on  the  subject. 

(ii.)  is  an  account,  of  the  Circles  and  Lines  discussed,  with  proofs 
that  must  satisfy  the  most  rigid  adherent  of  Euclidian  methods. 
This  little  pamphlet  will   do  much,  we    feel   sure,  to  make  this 
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modern  or  surname  Greometry  acceptable  to  English  students.  Ou 
p.  385  there  is  a  too  general  statement  which  requires  correction 
(see  first  five  lines). 

(iii.)  W^e  like  this  second  instalment  of  the  Elements  better 
even  than  we  liked  the  previous  one.  Mr.  Taylor's  treatment  in 
parts  differs  from  that  of  other  writers,  there  being  a  good  deal 
of  rearrangement  in  the  first  twelve  propositions,  but  the  matter 
treated  of  agrees  in  substance  with  that  given  in  Euchds  first 
twelve  propositions.  Ptolemy's  theorem  (the  so-called  Euc.  vi.  d) 
comes  in  as  Prop.  37  u,  being  prefaced  by  Prop.  37  a.  There  is 
also  an  interesting  additional  proposition  which  involves  the  prin- 
ciple of  the  rotation  of  a  plane  figure  about  a  point  in  its  plane. 
There  are  also  some  propo^^itions  on  Poles  and  Polars,  on  Kadical 
Axes,  on  Orthogonal  Circles,  and  on  the  JS'ine-point  Circle  of  a 
Triangle.  The  carefully  selected  examples  are  a  valuable  feature 
of  a  good  elementary  edition  of  the  '  Elements.' 

(iv.)  The  idea  of  this  capital  ^little  book  of  liiders  is  :  "  first  a 
deduction  is  worked  out  in  full,  w  Inch  is  intended  to  serve  as  a 
model  for  the  student.  This  is  followed  by  a  number  of  similar 
deductions,  which  are  to  be  written  out  by  the  student,  the  figure 
being  given  in  each  case,  and  such  hints  regarding  the  mode  of 
solution  as  experience  shows  are  required  by  beginners.  Lastly, 
each  section  contains  some  deductions  to  be  accomplished  without 
this  aid,  no  figures  or  assistance  being  given  except  an  occasional 
reference  to  the  proposition  on  which  the  proof  depends,  or  to  a 
previous  example."  It  will  be  thus  seen  that  the  idea  is  an  excel- 
lent one  for  the  majority  of  young  students,  and  it  is  very  well 
carried  out.  The  abundance  of  good  figures  is  a  strong  feature. 
After  working  through  all  the  exercises  we  can  strongly  recommend 
the  book,  the  only  drawback  that  we  see  being  that  few  can  give 
so  much  time  to  the  thorough  getting  up  one  book  of  the  Elements 
as  is  involved  in  working  out  all  the  deductions.  The  student,  or 
his  teacher  for  him,  must  make  a  selection  if  he  has  not  time.  This 
\\e  think  we  can  guarantee,  that  when  he  hjis  worked  through  this 
collection,  he  will  make  short  work  of  the  major  part  of  the 
deductions  w  hicli  he  will  meet  with  in  ordinary  school  examinations. 

Die  ElektriscJieii  Verbruitchnmesser — Ehctricitt/  Meters.     Bt/  Etiejtxe 
DE  FoDOK.     (Leipzig:  A.  Hartleben.) 

Till;  series  of  which  the  present  volume  forms  a  part  contaius 
some  excellent  treatises  on  various  subjects  connected  with  electro- 
technics  written  by  competent  continental  specialists.  It  is 
greatly  to  be  regretted  that  they  are  not  accessible  to  the  majority 
of  English  readers  on  account  of  their  being  written  in  German. 
So  far  as  we  are  aware  only  one  of  them  (viz.  Tundirz  on 
Poti'utial)  has  been  translated  into  English  ;  but  it  would  well  repay 
any  one  who  can  spare  the  time  to  make  translations  of  some  of 
the  other  volumes,  and  certainly  of  the  one  before  us. 

The  ])roblem  of  the  measurement  of  electricity  for  commercial 
and  doini'>tic  purposes  is  ou(>  which  so  far  has  oulv  been  verv  ini- 
salislaclorily  and   incompletely  sohed,  although  the  demand  for 
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a  really  workable  and  reliable  electricity  meter  is  already  great  and 
daily  increases.  The  author  endeavours  in  this  little  hand-book  to 
give  a  clear  idea  of  the  principles  and  details  ot"  construction  and 
action  of  the  various  forms  of  meter  for  quantity,  power,  and 
energy,  which  are  or  have  been  in  practical  use  both  here  and 
abroad.  The  figures  are  extremely  well  executed  and  help  largely 
to  a  clear  understanding  of  the  apparatus.  At  the  end  of  the 
book  will  be  found  a  summary  of  the  conditions  under  which 
electrical  energy  is  supplied  in  various  cities,  and  the  charges  which 
are  made  for  it.  Indeed  no  pains  have  been  spared  to  make  the 
volume  as  handy  and  yet  as  complete  as  possible,  and  we  would  again 
urge  the  desirability  of  its  translation  into  English.         J.  L.  H. 
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To  the  Editors  of  the  Philosophical  Magazine  and  Journal. 

NOTE   ON   THE    ELECTRICAL   CONDUCTIVITY    OF   HOT    GASES. 

Gentlemen,  Cambridge,  May  14,  1891. 

IN  reference  to  Dr.  Arrhenius'   remarks  in  the  paper  with  the 
above  title  in  the  last  number  of  the  'Philosophical  Magazine/ 
1  have  to  observe  : — 

1.  With  regard  to  the  question  as  to  the  action  of  an  excess  of 
hydrogen  on  the  dissociation  of  HI,  HBr,  or  HCl :  though  Dr. 
Arrhenius  says  that  such  an  excess  neednot  diminish  the  dissociation, 
the  question  is  not  really  an  open  one,  as  Lemoine's  experiments 
(C.  It.  Ixxxv.  pp.  Jj4-.'37)  have  proved  that  as  a  matter  of  fact  an 
excess  of  hvdrogen  produces  a  large  diminution  in  the  dissociation 
of  HI. 

2.  Dr.  Arrhenius  attributes  the  conductivities  of  the  hot  HCl, 
HBr,  HI,  which  I  observed  to  the  production  of  platinum  dust 
by  the  action  of  the  halogens  on  the  platinum  of  the  vessel  in 
A\  hich  the  gases  were  contained,  and  also  upon  the  electrodes.  As, 
however,  the  experiments  were  made  in  earthenware  as  well  as 
in  platinum  vessels,  and  with  carbon,  gold,  and  iron  electrodes  as 
well  as  platinum  ones,  this  explanation  is  quite  inadmissible. 
Again,  not  only  the  halogens,  but  also  the  vapours  of  most  metals 
conduct  when  hot,  and  this  whether  surrounded  by  nitrogen  or 
air.  In  my  experiments  the  effect  of  surrounding  the  gas  by 
nitrogen  instead  of  air  was  always  tried. 

3.  With  reference  to  Crafls's  experiments  on  the  dissociation  of 
the  halogens,  1  may  observe  that  a  trace  of  dissociation  would 
produce  a  much  greater  effect  on  the  conductivity  than  on  the 
vapour-density,  and  that  the  temperature  vaguely  described  as 
yi^llow  heat  extends  over  a  wide  range,  and  two  temperatures,  each 
of  w  hich  nn'ght  by  different  observers  bi'  described  as  yi'llow  heat, 
might  easily  differ  by  several  hundred  degrees  Centigrade. 

I  remain,  Gentlemen, 

Your  obedient  servant, 

J.J.  Thomson. 
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PROPAGATION  OF  HERTZ's  OSCILLATIONS  IN  AIR. 
BY  MM.  E.  SAKASIN  AND  L.  DE  LA  RIVE. 

We  have  had  the  honour  of  presenting  to  the  Academy  the  first 
results  which  we  obtained  in  repeating  the  beautiful  experi- 
ments of  M.  Hertz  on  rapid  electrical  oscillations  {Comjiles  liendus, 
Jan.  13,  1890).  AVc  there  limited  ourselves  to  the  case  in  which 
the  electrical  oscillation  is  transmitted  along  a  conducting  wire. 
We  have  since  then  repeated  another  of  M.  Hertz's  experiments, 
which  consists  in  following  the  propagation  of  electrical  induction 
through  air  in  the  absence  of  any  metallic  conductor.  The 
primary  exciter  is  placed  in  front  of,  and  parallel  to,  a  large  plane 
metal  surface;  the  electrical  oscillations  which  proceed  from  it, 
travelling  through  air,  reach  the  metal  surface,  which  acts  as  a 
mirror;  the  reflected  waves  form  then,  with  the  direct  waves, 
a  system  of  stationary  waves,  the  first  node  of  which  is  at  the 
mirror. 

In  order  to  examine  the  system  of  vibrations  which  are  set  up 
in  front  of  the  mirror,  the  circular  resonator  is  moved  about  in 
two  dififerent  principal  positions  :  first,  keeping  it  always  parallel 
to  the  mirror  and  to  the  primary,  that  is,  in  the  plane  of  the  wave ; 
secondly,  moving  it  in  the  plane  perpendicular  to  the  mirror 
through  the  axis  of  the  primary — the  plane  of  vibration.  In  both 
cases  the  results  are  absolutely  concordant  as  to  the  position 
of  the  equidistant  maxima  and  minima  of  electromotive  force. 
Besides  these  two  methods  Hertz  employed  a  third,  w  hich  consists 
in  producing  interferences  on  the  same  resonator  between  waves 
arri\iiig  from  the  same  exciter,  either  directly  across  the  air  or  by 
a  conducting  wire.  From  these  experiments  he  concludes,  by  the 
great  wave-lengths  from  the  mirror,  that  the  velocity  of  propagation 
through  air  in  the  absence  of  any  conducting  wire  is  almost  twice 
as  great  as  that  which  is  observed  along  a  wire  ;  that  the  two 
velocities  are  to  each  other  as  about  7  to  4,  in  opposition  to  the 
theory  of  Maxwell,  according  to  which  these  \elocities  should  be 
equal. 

From  its  tlieoretical  importance,  we  have  especially  applied  our- 
selves to  the  verification  of  this  particular  point.  Having  observed, 
from  our  previous  experiments  along  wires,  the  constancy  of  the 
undulating  period  of  a  given  circular  resonator  whatever  be  the 
primary  exciter  by  \\hicli  it  is  set  to  work, — the  same  exciter,  in 
short,  permitting  the  observation  of  as  many  wave-lengths  as  there 
are  circles  of  difi'erent  magnitudes — we  ha\e  devoted  ourselves  to 
comparing  the  wave-length  given  by  the  same  circular  resonator 
along  wires  with  those  which  it  gives  in  air  without  wires. 

We  used  as  a  refiecting  surface  a  large  curtain  of  slieet  lead,  li"b 
metres  in  height  by  3  metres  in  breadtli,  kepi  plane  and  vertical 
by  its  own  weight.  Tlie  primary  exeilers  and  the  large  liuhm- 
korff's  induction-coil  \\ere  the  same  jvs  those  which  we  used  in  our 
preceding  researdies.  The  exciter  was  placed  in  front  of  the 
mirror,  with  its  axis  horizontal,  and  its  break  on  the  periH^ndicular 
to  the  centre  of  tlie  metal  sheet;  its  distance  was  between  4  and 
10  metres.  The  circular  resonator  was  fixtnl  on  a  sliding  chariot 
along  a  large  wooden  optical  bench. 


Intelligence  and  Miscellaneous  Articles. 


517 


We  have  greatly  varied  the  conditions  of  the  experiment,  and 
repeated  the  observations  a  great  number  of  times. 

We  -collate  in  this  Table  the  results  we  have  obtained  with  five 
different  circles*. 


Diameter 

of  the 
circle  D. 


1st  Loop.. 
Ist  Node.. 
2ncl  Loop 
2nd  Node 
3rd  Loop 
3rd  Node 
^\Air  .. 
I  \  Wire 
2D 


1  m. 

stout  I 

wire   I 

\cm.d. 


0-75 
stout 
wire. 


2-11 
4-14 


IGU 
3-01 


2-03  1-41 
1-92  1-48 
2-00      1-50 


0-50 

0-35 

0-35 

fine 

wire, 

2  mm.  d. 

stout 
wire. 

stout 
wire. 

Ill 

o-7<; 

0-7o 

, 

1-49 

1-51 

2-30 

2-37 

" 

3-04 

310 

rii 

0-76 

0-80 

0-98 

0-73 

„ 

100 

0-70 

0-70 

0-25  !  0-2.5 
stout  fine 
wire.     wire. 


0-4G 
0-94 
1-63 
215 
2-71 
314? 


0o4 
117 
1-89 
2-40 
2-94 

0-60 
0-56 
0-50 


0-20 

020 

010 

stout 

fine 

stout 

wire. 

wire. 

wire. 
0-21 

1    0-39 

0-42 

1    0-80 

0-93 

0-41 

1    1-24 

r55 

0-59 

1-69 

20,5 

0-79 

.. 

2-46 

0-9fi 

0-43 

i      " 

0-51 
0-45 

0-19 

0-40 

0-40 

0-20 

We  give  in  this  Table  the  means  of  the  measurements  obtained 
with  each  circle,  and  for  the  sake  of  brevit}^  we  have  not  separated 
those  made  with  primary  exciters  of  different  dimensions,  as  these 
did  not  present  systematic  differences.  In  these  latter  experiments 
in  air,  as  in  our  previous  researches  along  wires,  we  have  in  part 
established  that  a  circular  resonator  always  (jives  the  same  luave- 
lewjili,  even  when  the  dimensions  of  the  primary  are  varied  within 
certain  limits  t-  Then,  again,  is  observed  what  we  have  called 
multiple  resonance. 

In  the  case  of  larger  wave-length  circles  of  1  m.  and  of  0-75, 
we  can  scarcely  determine  with  any  precision  more  than  a  node 
and  a  loop,  besides  the  node  on  the  mirror  itself.  With  smaller 
circles  forjwhich  the  dimensions  of  the  mirrors  are  somewhat  more 
suited  we  can  easily  determine  three  loops  and  three  nodes,  in- 
cluding that  of  the  mirror.  The  equidistance  of  the  loops  nnd 
nodes  is,  as  will  be  seen,  pretty  satisfactory  J. 

The  most  important  result  of  our  research  follows  from  the  com- 
parison of  the  figures  of  the  three  last  lines  of  the  Table,  which 
show  that  the  wave-length  obtained  for  each  circle  in  the  case  of 

*  The  delicacy  of  the  micrometric  screw  is  a  very  important  eleniout 
in  this  kind  of  research,  especially  with  the  small  circles,  which  only  give 
very  feeble  sparks.  In  the  latter  case  we  used  a  screw  giving  the  , ';;^  of 
a  milliu). 

t  As  the  intensity  of  the  spark  of  the  resonator  i.'*  feebler  in  this  expe- 
riment than  in  that  of  the  wires,  and  as  it  diminishes,  moreover,  much 
more  rapidly  as  we  move  away  from  the  primary,  the  observation  is 
altogether  less  precise  tlian  with  wires.  In  order  to  work  in  good  con- 
ditions the  primary  should  have  dimensions  suited  to  the  diameter  of  the 
resonator.  The  limits  within  which  we  can  conveniently  observe  nuiltiple 
resonance  are  less  extended  than  in  the  case  of  wives,  but  vai'y  up  to 
double  or  even  more. 

X  M.  Hertz  places  the  first  node  at  a  certain  distance  behind  the 
mirror;  this  perturbation  at  the  end  does  not  seem  to  follow  from  our 
experiments.  As  will  be  seen  from  the  Table,  the  first  quarter  of  a  wave- 
length presents  no  systematic  difference  from  the  others. 


518  IidcUlgence  and  Miscellaneous  Articles. 

propagation  through  air  is  very  sensibly  equal  to  that  which  this 
same  circle  gives  along  wires,  the  quarter  of  each  being  itself 
almost  equal  to  twice  the  diameter  of  the  corresponding  circle. 
From  this  it  follows  that  the  velocity  qfproj^ftf/ation  of  Uertz's  elec- 
trical oscillations  across  car  is  very  nearly  the  same  as  that  tvith 
lohich  they  are  transinitted  alony  a  conductiny  wire*. — Comptes 
Bendus,  March  31,  1891. 


ON    AN   IMrnOVED    METHOD    OF    DETERMINING    SPECIFIC    HEATS 
BY  THE  ELECTRICAL  CURRENT.       I5Y  PROF.  J.  PFAUNDLER. 

The  method  published  by  the  author  in  1869,  which  depends  on 
Joule's  law,  in  which  one  and  the  same  current  develops  quantities 
of  heat,  in  coils  of  wire  arranged  in  series,  which  are  proportional 
to  the  resistances,  has  hitherto  found  but  few  applications  from  the 
circumstance  that  it  only  applies  to  non-conducting  liquids.  The 
author  has  got  rid  of  this  drawback  by  substituting  for  the  coils 
of  wire  spiral  glass  tubes  filled  with  mercury.  He  has  also  given 
the  method  far  greater  accuracy  and  certainty  by  inserting  three 
mercury  resistances  in  the  branches  of  a  AVheatstone  bridge,  by 
which  it  is  possible  to  control  and  keep  constant  the  ratio  of  the 
resistances  during  the  passage  of  the  heating-current.  Small 
variations  in  resistance  are  compensated  by  introducing  glass 
threads  in  the  straight  ends  of  the  tubes  which  contained  the 
mercury.  In  other  cases  these  changes  are  measured  by  displacing 
the  contact-key,  and  in  this  way  the  result  is  corrected. 

The  comparative  measurement  of  the  rise  of  temperature  is 
made  more  delicate  by  means  of  a  thermopile. 

x\s  instances  of  the  utility  of  the  method,  experiments  were  made 
both  with  continuous  and  with  alternating  currents.  The  atti'mpts 
of  th(>  author  to  use  this  method  for  the  determination  of  the 
thei'inal  capacity  of  water  at  different  temperatures  were  inter- 
ru])ted  by  the  author's  transference  to  Griitz,  and  will  be  repeated 
on  a  larger  scale  ;  these  experiments  ai'e  to  be  regarded  as  pre- 
liminary ones  inlended  to  test  the  method. —  Winner  Berichte, 
April  ii  1891. 


ON  PERIODICALLY  VARIABLE  ELECTROMOTIVE  FORCES  WHICH 
ACT  ONLY  IN  ONE  DIRECTION  IN  A  CONDUCTOR  WITH  SELF- 
INDUCTION.      BY  PROF.  PULUJ  OF  PRAG. 

In  this  pajier  the  laws  of  the  flow  of  electricity  in  a  conductor 
\\  ith  self-induction  are  theoretically  investigated,  \\  hen  the  external 

*  ^^'o  liiive  nlri'iidy  oiuimiated  this  in  a  preliniinarv  communication 
niixlo  on  this  siibjoct  to  tlie  Sotii^te  dt>  Physique  et  d'llistoire  iiaturello 
(h;  (ii'iieve  at  a  moetiiip  on  May  1,  1890  {Archivis  dta  Sciences  ji/ii/s.  et 
not.  vol.  xxiii.  p.  hWi)  ;  Ave  liavo  since  then  completely  repeated  the 
lesearehe.s  by  varvinji'  tlie  comlitions  in  a  munber  of  ways,  and  it  is 
this  hitter  research  which  we  {iive  here.  ^I.  I^echer,  iu  Vienna,  has 
found  by  an  entirely  new  method  tliat  tlie  velocity  of  electrical  undnla- 
tii)ns  alonii'  a  wire  is  efiiuil  to  tliat  o'liLrht. 
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electromotive  force  is  a  quadratic  sine-function  of  the  time,  and 
impulses  are  produced  in  the  conductor  in  only  one  direction.  Cal- 
culation gives  the  result,  that  while  the  electromotive  force  varies 
between  zero  and  a  maxiumm  vahie,  the  momentary  current-strength 
is  always  different  from  zero,  and  vai'ies  periodically  between  a 
minimum  and  a  maximum  value.  The  mean  current-strength  is 
independent  of  the  self-induction  and  has  always  the  same  value, 
whether  the  self-induction  of  the  conductor  is  very  large  or  is  equal 
to  zero.  The  self-induction  causes  no  loss  of  mean  current-strength  ; 
its  action  only  consists  in  making  the  waves  plane,  formulae  are 
given  for  the  mean  square  of  the  current-strength,  and  for  the  work 
developed  in  the  circuit,  from  which  formuku  it  can  be  seen  that 
the  magnitudes  adduced  depend  on  the  displacement  of  phase,  and 
satisfy  the  law  of  the  superposition  of  the  actions  of  two  com- 
ponents of  electromotive  force.  In  conclusion  the  analogy  is 
pointed  out  which  exists  between  the  laws  investigated  of  elec- 
trical flow  and  those  of  the  rotatory  motion  of  a  heavy  wheel 
under  the  action  of  successive  mechanical  impulses. —  Wiener 
Btrichte,  April  23,  1891. 


ON  WHEATSTONE  S  DETERMINATION  OF  THE  VELOCITY  OF 
ELECTKICITY.       BY  PEOF.  J.  STEFAN. 

In  the  paper  on  the  Motion  of  Electiucity  in  Wires,  Kirchholf  in 
1857  first  showed  that  in  certain  conditions  electricity  moves  in  a 
thin  wire  according  to  the  laws  of  wave-motion,  and  \^ith a  velocity 
which  can  be  put  equal  to  that  of  light.  The  agreement  between 
the  velocities  of  electricity  and  of  light  only  holds,  however,  when 
electricity  travels  in  a  straight  wire  stretched  in  the  air.  Kirch- 
holf restricted  his  investigation  to  this  case.  If  we  apply  the 
bases  of  his  calculation  to  other  cases,  for  instance,  a  wire  which 
is  bent  backwards  and  forwards  in  zigzag  or  is  wound  in  a  spiral, 
it  is  found  that  electricity  travels  under  the.'^e  conditions  with  a 
far  greater  velocity. 

in  Wheatstone's  well-known  method  twenty  plane  windings  of 
drawn-out  wire  were  used,  aud  the  velocity  of  electricity  w  as  found 
by  this  measurement  to  be  half  as  much  again  as  that  of  light. 
In  the  preceding  I  think  I  have  given  the  correct  explanation  of 
this  result.  I  have,  however,  also  attempted  to  give  tliis  explana- 
tion an  experimental  basis,  and  for  this  purpose  I  have  employed 
the  method  given  by  Hertz  of  producing  stationary  electrical  waves 
in  wires.  1  have  used  a  similar  conductor  to  that  of  Wheatstoue, 
but  on  a  smaller  scale,  and  connected  it  with  a  couple  of  long 
straight  wires,  and  compared  the  length  of  a  wave  in  the  conductor 
with  the  length  of  the  same  wave  in  tlie  straight  wires.  The  wave 
in  the  conductor  is  considerably  longer,  and  in  accordance  with 
this  the  velocity  of  electricity  in  the  conductors  is  greater  than  in 
the  straight  wires,  and,  according  to  my  expciimenls,  in  a  ratio  w  Inch 
still  exceeds  that  found  by  Wheatstone. —  Wiener  Berichtc,  April  23, 
1891. 
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